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Abstract
Over the last decades Serious Games have gained increased importance, mainly due to the evolu-
tion and expansion of video games and its application in multiple areas. Integration in the world
of sport is one of the solutions that individuals with disabilities or motor disorders develop to feel
more socially integrated, more independent and confident with themselves.
Boccia is a Paralympic indoor precision sport, in which six blue balls and six red balls are
thrown, in order to place them as close as possible to the white ball, called "jack" or target ball.
The use of the hands, feet or aid instruments is allowed for athletes with great impairment in the
upper and/or lower limbs. The main focus was BC3 classification athletes (users with limited
motor characteristics that requires the use of an assistive device - a ramp, in this case). This
modality can be played individually, by pairs or by teams.
This sport is increasingly getting more attention around the world which has contributed for the
objectives of this dissertation since it attracts these patients a lot more easily and including it in the
Serious Games category also enables them to develop and rehabilitate their cognitive capabilities.
It will allow the users being dynamic, holding their attention and motivating them instead of the
traditional cognitive rehabilitation processes that quickly become repetitive and discouraging.
This dissertation describes the development of a realistic Boccia game simulator adapted for
people with disabilities or motor disorders that aims to integrate a set of features that include real
physics, multimodal user interface and social features (diversion, rehabilitation, competition and
improvement). These features can be used to enhance the interest of non-practitioners of the sport
and to improve the training conditions of Boccia athletes.
The simulator was developed based on Unreal Engine, in order to achieve the most realistic
game environment possible. This was the game engine chosen due to the high graphics and physics
accuracy, realistic collision detection, a realistic object creation and personalization, among other
aspects. During the development of this simulator, tests were made in order to accomplish a high
similarity between the real and the simulated environments. This tests consisted in the measur-
ing of travelled distances made by the different types of balls (soft, medium and hard) and were
made using a real wooden ramp in a ground resembling a Boccia field (was obtained a maximum
standard deviation of 0.46 metres). The results obtained in the measures differed 10 centimetres
between environments. The use of an iterative method of successive approximations helped on the
achievement of the desired results by changing the acceleration and the friction of the balls based
on the real distances travelled measures acquired.
The official Boccia Regulation was added last to the design of the simulator and were only
considered the rules that had impact in the gameplay and on the BC3 players.
The usability and approximation to reality of the simulator were tested and validated based on
the tests performed and the obtained data collected via survey on users with no motor or psycholog-
ical disorders. According to the realism, the data had a realistic classification, the usability rating
was almost excellent and were achieved good results at the assessment of the game experience.
This scores allowed to conclude that most of the main objectives were achieved. This resulted in a
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positive assessment, meaning that the simulator is efficient, effective, robust and complying with
the main objective – being realistic.
Resumo
Nas últimas décadas, os Jogos Sérios ganharam maior importância, principalmente devido à evo-
lução e expansão dos jogos de vídeo e à sua aplicação em áreas diversas. A integração no mundo
do desporto é uma das soluções que os indivíduos com deficiências ou perturbações motoras de-
senvolvem para se sentirem mais integrados socialmente, mais independentes e confiantes em si
próprios.
O Boccia é um desporto indoor paralímpico, de precisão, em que são arremessadas bolas de
couro (seis azuis e seis vermelhas), com o objetivo de as colocar o mais perto possível da bola
branca (“jack” ou bola alvo). Neste é permitido o uso das mãos, dos pés ou de instrumentos
de auxílio para atletas com comprometimento nos membros superiores e inferiores de diferentes
graus. O principal foco para este trabalho foi a categoria BC3 (atletas com caraterísticas motoras
limitadas, que requerem o uso de um dispositivo auxiliar - a rampa, neste caso). Esta modalidade
pode ser disputada de forma individual, pares ou por equipas.
O facto de estar a receber cada vez mais atenção a nível mundial, tem contribuído para os
objetivos desta dissertação, uma vez que atrai muito mais facilmente esses pacientes e a respetiva
inclusão na categoria de Jogos Sérios também lhes permite desenvolver e reabilitar as suas ca-
pacidades cognitivas. Possibilitará ainda que os utilizadores sejam dinâmicos, mantendo a sua
atenção e motivando-os, contrariamente aos processos tradicionais de reabilitação cognitiva, que
rapidamente se tornam repetitivos e desanimadores.
Esta dissertação descreve o desenvolvimento de um simulador de jogo Boccia realista adap-
tado para pessoas com deficiências ou perturbações motoras que visa integrar um conjunto de
caraterísticas que incluem físicas aproximadas à realidade, interface multimodal de utilizador e
caraterísticas sociais (diversão, reabilitação, competição e evolução). Esses recursos podem ser
usados para aumentar o interesse dos não praticantes deste desporto e para melhorar as condições
de treino dos atletas do Boccia.
O simulador foi desenvolvido com base no motor de jogo "Unreal Engine", para alcançar um
ambiente de jogo o mais realista possível. Este foi o motor de jogo escolhido devido à alta quali-
dade de gráficos e precisão das físicas, à realista deteção de colisões, à criação de objeto realistas
e personalizados, entre outros aspetos. Durante o desenvolvimento deste simulador foram realiza-
dos testes para se conseguir uma elevada semelhança entre os ambientes real e simulado. Estes
testes consistiram na medição das distâncias percorridas pelos diferentes tipos de bolas de jogo
(moles, médias e duras) e foram feitos utilizando uma rampa de madeira real num solo semelhante
ao de um campo de Boccia (sendo obtido um desvio-padrão máximo de 0,46 metros). Os resulta-
dos obtidos nas medidas diferiram 10 centímetros entre ambientes. O uso de um método iterativo
de aproximações sucessivas ajudou na obtenção dos resultados desejados, alterando a aceleração
e o atrito das bolas, com base nas medidas reais das distâncias percorridas adquiridas.
O regulamento oficial do Boccia foi adicionado em último lugar ao design do simulador e
foram consideradas apenas as regras que tinham impacto na jogabilidade e nos jogadores de BC3.
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A usabilidade e a aproximação à realidade do simulador foram testadas e validadas com base
nos testes efetuados e nos dados obtidos através do questionário realizado a utilizadores sem per-
turbações motoras e/ou psicológicas. De acordo com o realismo, os dados permitiram obter uma
classificação realista, uma classificação relativa à usabilidade quase excelente e foram obtidos
bons resultados na avaliação da experiência de jogo dos utilizadores. Estes resultados permitiram
concluir que a maioria dos principais objectivos foram alcançados. Isso traduz-se numa avaliação
positiva, o que significa que o simulador é eficiente, eficaz, robusto e cumpre o objetivo principal
- ser realista.
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Chapter 1
Introduction
This document shows a first approach to the subject of the dissertation, in which the primary goals
of the project are defined as well as the work done regarding the problem presented which resulted
in the proposed solution.
It is also presented the subject contextualization and motivation that led to the choice of devel-
oping this project.
1.1 Context
Over the last decades the quality of life has increased, causing the increase of life expectancy and
therefore, the increased number of people with a disability or impairment, especially in terms of
mobility [4].
This problem causes the level of autonomy of these people to be very small. Due to technolog-
ical advances in the fields of artificial intelligence, robotics simulation and graphic and physical
computations, it is possible to develop simulators capable of enabling advances to help solve this
problem increasingly recurring. The importance and concern for such problems has been increas-
ing over the years, and one of the major focus points is the integration into society [5].
One of the solutions developed for these individuals to feel more independent, more au-
tonomous and more confident with themselves, both socially and vocational level, it is the integra-
tion in the world of sport. The Boccia is a Paralympic sport that has generated a lot of attention
around the national level due to the great results achieved by the Portuguese federation, which
led to the aspiration of developing a simulator of the sport so that athletes can make their practice
more independently and without the help of a coach [2].
1.2 Motivation
The main motivation of this work comes directly from the problem described above, and is an
effort to help close the gap between people with lack of mobility and people without mobility
problems.
1
2 Introduction
As the athlete does not have sufficient autonomy to move the launch pad of the ball without
help or even put the ball in the top of the ramp, he is extremely dependent on their coach. Through
the simulator is expected to greatly increase the autonomy of the athlete to control the ramp,
since this will be a robot that will move based on the athlete’s orders, taking into account their
limitations. Finally, the ball is placed at the top of the ramp and launched automatically since it is
controlled in the same way as the ramp.
These aspects allow the reduction of the athlete’s coach support during training, thus reducing
costs involved in these (as the dislocations to the training camps or the constant presence of the
coach), allowing the training from home and possibly enhance the performance of athletes in
competitions. Because it is a simulator, it also allows the attractiveness of other users who are not
athletes of this sport, encouraging social integration.
Another of the reasons is the fact that this is an innovative project with great social impact,
which can be upheld by Boccia associations to benefit the training of their athletes [2].
The idea for this project emerged from a previous work of a Master’s Degree that had the
objective of developing and implementing a virtual representation of some adapted sports [2].
The major purpose were Motorized Wheelchair Football and Boccia involving adapted electronic
devices. For this reason, it was integrated a multimodal interface (MMI) capable of controlling
the games components, providing flexibility and adaptability.
When the project described above was finished, it focused more on the Motorized Wheelchair
Football where were created various variants of the game such as:
• a game that had the objective of driving a ball from an initial point to an ending point through
a map with multiple walls where the user had to go around them;
• a game where the user had to bring the ball into the goal various times along the map until
reaching the ending objective;
• a game where the objective was the placement of multiple objects with different shapes in
the holes with the right shapes;
• the Motorized Wheelchair Football game, that had two players against each other and they
had to put the ball into the goal of the opposing player [2].
As the work described above was so extended, the Boccia scenario was not developed so much.
Therefore it was only created an arena with an objective square in the floor where the player had
to drive the designed ramp to it and aim the balls against the three existing objective targets. Since
its main goal is not much related to the Boccia sport itself, it served only as a base to what was
needed to be developed in the project of this dissertation [2].
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1.3 Objectives
The main objective of this work is the development of a simulated game of Boccia adapted for
people with disabilities or motor disorders using a virtual environment. The choice of the tools
used was set based on the study and comparison performed of the currently available solutions.
The proposed work aims to develop a realistic simulator Paralympic game "Boccia" and with
the accessories physics as similar as possible with the real ones. This allows that the practitioners
that carry the various physical and psychological conditions can practice this sport in a more
autonomous way. Therefore enabling the training of athletes from the comfort of their home
without needing a coach to provide the constant help they need and in order to favour the athlete’s
training to achieve better results.
The simulator will consist of the representation of the field , the rules and ball throwing plat-
form - Intelligent Robotic Ramp (IRR). The main focus will be on the user’s ability to manage as
independently as possible the robot and consequently the launch pad/ramp. The ramp will move
according to the user’s orders, positioning in the position and inclination that the user wants and
releasing the ball when it is pretended. The players will be able to control the launching pad of the
ball through the keyboard or by using the MMI in the most appropriate way to their limitations.
This allows people with motor deficiencies or disabilities to use the simulator, developing their
social interactions and even interest in the Paralympic sport.
The game should also be aimed at the entertainment of casual users and will allow the partici-
pation of two players.
1.4 Structure of the Dissertation
This document is organized in eight different chapters. The current introduction chapter, describes
the presented topics and the overall document structure.
Chapter two gives a detailed description of the Boccia Sport where it is provided its definition,
the existing types of available equipment according to the different athletes capabilities and the
most important regulations as well as athletes classifications.
The third chapter presents some of the existing adaptations developed to aid people with mo-
tor/cognitive disorders such as Intelligent Wheelchairs and User Interfaces. For the first, will be
elaborated a list presenting its evolution as well as its main characteristics and, for the second, will
be made a presentation of the most relevant existing intelligent and adaptive interfaces. It is also
made a general presentation of the IntellWheels Project which is at the origin of all this work and
some other projects.
The fourth chapter contains a brief introduction to the Serious Games, describes some of the
developed Wheelchairs Simulators, the most relevant Serious Games Simulators and the existing
Boccia Simulators.
Chapter five introduces and characterizes the assessed graphic engines, game engines and
robotic simulators including some important concepts associated to them.
4 Introduction
Chapter six consists in detailing the methodology used and the concept and implementation
of the simulator itself. The options of implementation selected are properly presented and all the
decisions made are well justified. Also it contains the thorough description of the development
of the virtual scenario, the ramp and robot designed, the specifications of the balls and respective
tests made and lastly it focuses the menus and user heads-up display.
The Chapter seven presents the analysis and discussion of the obtained results based on the
use of the simulator and the surveys conducted.
Finally, in chapter 8, are presented some conclusions about the results that were obtained by
the developed work, and some leads for future work are also given.
Chapter 2
Boccia
This chapter will introduce the Boccia game and its target population, since that will be the trig-
ger to the development of the simulator. Aid instruments, the regulation of the game and the
classifications will be explained.
2.1 Definition
Boccia is a Paralympic indoor precision sport, descending from Greek and Roman civilizations,
that has evolved from “petanca”, a tradicional game [6] [7]. The target of this game is that the
players throw six balls each (blue or red ones, depending on the team) in order to place them as
close as possible to the white ball, also called "jack" or target ball. This modality can be played
individually, by pairs or by teams [8].
There is no age limit for the practitioners of this game, being composed by people of both
genders, in which they can have or not motor disorders. Many resources called, aid instruments,
are available (described in the next topic) and have been adapted in order to enable people with
motor disorders to participate [7]. The use of the hands, feet or aid instruments is allowed for
athletes with great impairment in the upper and/or lower limbs. Boccia is the main modality for
athletes with Cerebral Palsy (CP) [6].
The Boccia has become a Paralympic sport in 1984, in New York [6]. On a national level,
due to the great results achieved by the Portuguese federation recently, that has generated a lot
of attention around the country. On the 2016 BISFed World Ranking, Portugal achieved great
results on the game divisions, such as 3rd place on team classification, 4th place on individual
BC1, BC2 and BC3, among others [9]. This is one of the reasons that led to the aspiration of
developing a simulator to this sport, considering that athletes will be able to make their practice
more independently and without the help of a coach.
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Figure 2.1: BC3 Pairs - Portugal vs. Australia.
2.1.1 Cerebral Palsy
CP is a set of disorders in the development of the movement or posture, as result of non-progressive
brain injuries [10]. Occurs during the period of brain development, being thus limited to childhood
[11]. This patology does not worsen or evolve, but can restrict multiple areas of the individual life,
such as cognition, comunication and perception, concrentration, speech, sensory systems, among
others [12] [13].
Several authors argue that the classification of CP according to neuromotor affection may be
of different types, due to topographic dysfunction (Quadriplegia, Diplegia or Hemiplegia [14]),
neuromuscular impairment (Spastic, Dyskinetic, Ataxic, Hypotonic and Mixed [14]) or degree of
impairment (mild, moderate or severe [15]). This classifications and its limitations will match the
inclusion on the possible Boccia Game Classifications (explained in 2.3.).
2.2 Equipment
As many other games, Boccia include a variety of material specifications according to the game
itself and the BC that allow the athletes to compete based on their skills [16].
According to the International Classification Rules for Boccia the assessment of the equipment
used during the game should be made before its beginning. The equipment to verify must include
all the balls, wheelchairs, aid instruments, ramps, pointers, among others ([16]).
Below, it will be defined and described some of the equipment used in Boccia:
• Game – a competition between the blue balls team and the red balls team, with a specific
number of sets (four sets);
• Court – game area including the throwing area (six throwing boxes). The surface must be
plan, soft (wood, synthetic rubber, among others) and clean. Its dimension are 12,5mx6m
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(Figure 2.2). All the court markings will be between 2cm and 5cm wide and should be easily
recognised. The area between the throwing line and the “V” line delimits the area where the
“jack” ball is considered invalid if it stops there;
Figure 2.2: Boccia Court including Markings.
• "V" Line – line that the target ball should cross to be considered on the game;
• “Cross” – its size is 25cm. This is the place where the white ball is replaced, if it is consid-
ered out of play, during the game;
• “Jack” – white ball or target ball. Defines to where the other balls should be thrown. On
individual BC, each athlete can use his own “jack”;
• Balls – six red balls and six blue balls. Each athlete can use his own coloured balls (blue or
red, depending on the raffle), independently of the type of division game. The balls should
weight 250g (+/- 12g) and their diameter is 8,6cm. The colour of the balls should be well
defined and they must be in great conditions (no cuts or patches). There are many types of
balls relatively to their toughness and type of skin (Figure 2.3);
Figure 2.3: Boccia Balls: "Jack", Six Red and Six Blue.
• Ramp – aid instrument, used by the athletes of BC3. The inclination angle can be adjusted
according to athlete’s needs or their will (Figure 2.4);
• Head pointer – aid instrument, used by the athletes of BC3. Allows the player to keep the
ball in place and release it without the help of the assistant (Figure 2.5).
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(a) Boccia wooden ramp. (b) Boccia head pointer.
Figure 2.4: Boccia Aid Instruments.
2.3 Boccia Classification
The International Classification Rules for Boccia are determined by Boccia International Sports
Federation [8] and these provide the guidelines for international competition, including the Para-
lympic Games [8]. In Portugal, these guidelines are followed strictly and include seven classifica-
tions or game divisions: individual Boccia Classification I (BC1), individual Boccia Classification
II (BC2), individual Boccia Classification III (BC3) e individual Boccia Classification IIV (BC4),
BC3 pairs, BC4 pairs and teams (for BC1 and BC2 athletes) [7][16]. Below this four will be ex-
plained in detail, with greater focus on the individual BC3 classification, since it is the group with
most interest to achieve the goals of this dissertation.
The Boccia players can be split into four classes, such as [6] [8] [17]:
• BC1 – athletes with Spastic Quadriplegia or Athetosis or who may have a mixed picture
including those with severe Ataxia. The Spasticity ASAS Grade 3-4 (ABOVE Grade 3) with
or without Athetosis. In this category, the severe impairment affect all four limbs. There is
limited functional range of movement and/or limited functional strength in all extremities
and trunk (or an athlete with severe Athetosis or Dystonia with limited functional strength
and control or severe Ataxia limiting coordination, grasp and release). The player included
in this division is dependent on a powered wheelchair or assistance for everyday mobility
and is unlikely to use a manual wheelchair for any length of time. The grip and ball’s
release are poor, but has sufficient strength to propel consistently with hands or feet. In
competition, athletes can compete with the aid of assistants, who must remain outside the
athlete’s playing area. The assistant can only stabilize or adjust the player’s chair and deliver
the ball upon request.
• BC2 – athletes who are diagnosed with Spastic Quadriplegia or with Athetosis/Ataxia. The
Impairment affects all four limbs. The Spasticity ASAS Grade 2-3 with or without Athetosis
or it is an athlete with Athetosis. The user has moderate impairment of function and may
have some limitation in active functional range of movement, due to weakness or spasticity
or lack of control affecting the upper limbs/trunk. Athletes may use a manual or powered
2.4 Boccia Regulation 9
chair for everyday mobility and may walk short to moderate distances. In competition,
athletes cannot receive assistance.
• BC3 – athletes who fit the physical profile of a BC1 (CP) or BC4 (Non-CP) athlete (as
detailed in each classification) but who are unable to hold/throw the ball may be eligible
as a BC3 athlete, provided they fulfil the below criteria. Athletes must demonstrate that
they are unable to hold the ball and have no sustained grasp or functional release or unable
to propel the ball with their feet into the field play. Functionally athletes are unable to
consistently propel a Boccia ball with purposeful direction and velocity into the playfield.
The athletes of this group will use an assistive device (ramp) to propel the ball into the
playfield with the help of an assistant. This category is for players with limited functional
characteristics, since they cannot throw the balls. To throw the balls the players may use a
variety of auxiliary devices to release the ball on the ramp, which may include (but are not
limited) a head pointer, mouth device or their hand/finger to hold the ball in position on the
ramp and release the ball without any other external assistance.
This category is the main focus of this dissertation, in cases that requires the use of an
assistive device.
• BC4 – athletes who are diagnosed with conditions of non-cerebral origin and do not have
Spasticity, Ataxia or Athetosis. The player will have severe locomotor dysfunction affecting
all four limbs. In this division, is observed moderate impairment of function and may have
some limitation in active functional range of movement, due to weakness and lack of control
affecting the upper limbs/trunk/lower limbs. It is verified an overall muscle strength of 3/5
or less. The athletes may use a manual or power chair for everyday mobility and may
walk with assistance or using a walking aid. The sport functional profile and mechanics
of throwing is similar to BC1 or BC2 athletes. For players who are fully autonomous in
relation to the functionality required by the game, so they cannot receive assistance.
2.4 Boccia Regulation
Boccia Regulation is composed by an inumerous number of specifications/rules (such as “jack”
launch, coin toss, training balls, balls out of the court, among many other aspects) according to the
game itself [8]. This sub-chapter will focus the rules directly related with the game (considering
its realistic application on the simulator) and with the athletes of BC3.
Succinctly, to begin a Boccia match, the Referee must call both players to the call room and
present the “jack” to the athlete. By using the coin toss method, the Referee flips a coin and the
winning side chooses whether to play red or blue. The red balls athlete will begin the set and will
also launch the “jack”. The followings plays are made alternately [6] [8].
Based on what was said above, the following table will explain the rules considered, always
keeping in mind what is defined by the BISFed [8]:
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"Jack"
Launch
The athlete with the red balls always begins the first set.
The Referee presents the target ball to the proper athlete and indicates the beginning of the set with
asking the player to throw the “jack”. The player should throw the "jack" inside the throwing area.
Balls
Launch
At the moment of throwing the ball, the athelete, the assistant, the wheelchair and any other object
inside the throwing area cannot touch the court limits or any other area outside the throwing one.
Court
Outsider
Balls
Any ball, including “jack”, will be considered out of court if it touch or cross the limit lines.
The ball that touch or cross the line and return into the court will be considered out of court.
The thrown ball who misses the entrance on the court will be considered out of court.
“Jack”
Pushed
Outside
of Court
If “jack” is pushed outside of court (or inside of an invalid area), it will be replaced on the “cross”.
If the condition above is not possible to achieve due to another ball covering the “cross”, the white
ball should be placed the nearest possible in front of the “cross”, keeping it centred considering the
lateral lines.
Equidistant
Balls
To determine which athlete will be the next one playing, if two or more coloured different balls
are equidistant of the “jack” and there are no other balls nearer, the athlete who launched by last,
should throw again. The athlete playing will alternate until the equidistance relation be undone or
one side has thrown all the balls.
Punctuation
The player with the nearest ball to “jack” will score one point for each ball nearest to “jack” in
comparison with the nearest ball to “jack” of his opponent.
If two or more balls of different colours are equidistant to “jack” and there are no other nearest,
then each side will receive one point per ball.
At the end of the sets, the scored points in each set are added and the side with greater final score
is the winner.
Tie-Break
The “tie-break” adds an extra set that is played as a normal one.
If at the end of the extra set the score is equal for both athletes, a second extra set will be played
(the opposite player will begin the set this time). This procedure will persist, until one side wins.
Table 2.1: Boccia Regulation Sets (regarding the simulator most focused rules).
In case of violation, there are three different types of penalties: penalty, retraction and warning
and declassification. Only the penalty has been considered on the simulator. It consists in a reward
of two extra balls to the opposite side that will be launched at the end of each set [8].
The out-of-play balls of the side awarded with the foul balls will be used first. If there are not
enough out-of-play balls then the ball(s) of that side which are furthest from the "jack" will be
used. If any scoring balls are used as foul balls, the Referee should note the score before removing
the balls. After the foul balls have been thrown, any extra points will be added to the score. If
in the act of throwing the foul balls an athlete should alter the positioning of the balls, then the
Referee shall score the end from the new position [8].
If more than one violation occurs in the course of a set by one side, the two foul balls that
accompany each violation are thrown separately. Therefore, two foul balls (for the first violation)
are retrieved and then played, then the two foul balls (for the second violation) are retrieved and
then played, and so on. The violations committed by both sides cancel each other out [8].
2.5 Summary
Boccia has become a well-known worldwide sport due to his recognition as a Paralympic Sport,
especially for people with CP. This modality has different play modes considering the number of
players (such as individuals, pairs or teams), grouped according the people’s functional range, and
can be played by people of different ages and genders.
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This game may involve different types of aid instruments (head pointer, ramp), since the dif-
ferent BC are related to the type of impairment that the athlete presents and his needs. According
to the Portuguese divisions, the BC3 was the chosen one, since this group uses an assistive device
(ramp) to propel the ball into the playfield.
The BISFed [8] has defined plenty rules to regulate the Boccia game, but this chapter presented
only the rules directly related with the virtual game developed and with the needs of the BC3
athletes.
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Chapter 3
Auxiliary Adaptations for People with
Motor/Cognitive Disorders
Due to the increasingly necessity for social integration and the improvement of the autonomy of
people with motor and/or cognitive disorders, have been developed several resources to help the
daily life of this people. This resources may include motor adaptations (such as wheelchairs, head
switchers, among others) and cognitive adaptations (such as the use of augmentative alternative
communication systems, VR, among others).
In this chapter will be made an approach to the Intelligent Wheelchairs (IW) concept as well
as a description and presentation of the main projects concerning this topic in chronological order
based on its evolution. This section is essential to this dissertation since it was developed an IRR
based on an IW, therefore the focus on the IWs.
Posteriorly will be assessed the concept of User Interfaces which allows the users to decide
the techniques and technological forms of interaction with the various devices that best adapts to
its physical or cognitive disorders. It will be presented some of the available solutions and the
respective comparison between them.
3.1 Intelligent Wheelchairs
3.1.1 Definition
Over the past decades, traditional wheelchairs have been adapted with technology to improve the
user’s standard of living. This is especially true for persons who have their fine motor control
compromised or partial vision loss [18], such as seniors and disabled users.
These technologies could be seen as robotic devices equipped with sensory and processing
systems that operate through actuators. It allows the user to have greater control over the chair
with less effort and bigger comfort, since their implementation aimed to overcome the physical
and psychological limitations of its users or even replacing them [19].
The concept of IW is the natural step of scientific research that has allowed the improvement
of the traditional navigation characteristics of a wheelchair and its adaptability to the user. In
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essence, an IW is defined as being a locomotion mechanism which assists a user who has some
kind of physical disability, when an artificial control system increases or replaces user control [3].
The first IWs appeared around 1980 [20]. They were mainly a seat mounted on a mobile robot
that had the capacity of taking the user to a previously defined location [21]. The IW development
has come a long way since then.
The increase study of this field, led to a globally accepted view of the main functional require-
ments for such systems [22]. The main functions of an IW can be categorized as the following
[23] [20] [24] [25]: interaction with the user, autonomous navigation, communication systems
and the amplification of the concept of HMI. The first one includes hand based control (such as
joystick, keyboard, mouse, touch screen), voice based control, vision based control and other sen-
sor based control. The autonomous navigation must implement safe, flexible and robust obstacle
avoidance. The communication systems enables interaction with other devices like other IWs,
intelligent robots and automatic doors as well as remotely operated control software for medical
staff.
Although many IW projects exist, the majority tends to concentrate their efforts in the interface
with the user or in the navigational system. The communication system used is rarely described
and scarcely treated as an important and vital piece of an IW. A common solution seen for the
communication system is the use of CORBA [26] based systems, or other technologies that by
using memory sharing techniques enable system communication [27] [28].
The wheelchair became a banal accessory that leads to the social integration of many phys-
ically diminished. In 1952, England, were born the first wheelchair games. It was only twelve
years later that the first Paralympic Games appeared, in 1964, in Tokyo, Japan [29]. This trend
towards the extension of high mobility activities for people with severe motor disorders has led to
the need of chairs made with light materials, thus facilitating the locomotion by minimizing the
physical effort required to move them.
3.1.2 Prototypes of Intelligent Wheelchairs
Over the past thirty years, a large amount of projects related to IW has been developed and pub-
lished [22]. Below it will be presented some of the most important and relevant projects designed
throughout time, by chronological order, with special emphasis to the Portuguese prototypes. The
Wheelchairs Simulators will be explained it the next chapter.
Madarasz Autonomous Wheelchair (1986)
Developed by Madarasz at the Arizona State University, with the intent to create a computer-
ized system that controls a wheelchair in a totally autonomous way (Figure 3.1). Its main objective
was to act in crowded environments avoiding collisions with other objects present in these envi-
ronments, without the need of human intervention [21].
This prototype was equipped with a digital camera (used to recognize landmarks and moving
objects, such as recognizing previously cataloged objects), an ultrasound scanner (determine the
distances of the chair in relation to other objects present in the environment), a microcomputer
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(processed the information collected by the sensors and acted through actuators, which allowed
the control on the joystick) and a joystick [21].
Figure 3.1: Madarasz Autonomous Wheelchair Prototype.
Omnidirectional Wheelchair (1993)
This wheelchair was designed to develop a highly functional system with high flexibility (Fig-
ure 3.2). The authors, Hoyer e Hölper, have developed an open source architecture with a modular
structure composed of several independent units, equipped with local intelligence [30].
The main features of this project were its high-level functionalities, such as path planning
and tasks modules and its interface module that recognized voice, joystick and terminal control
commands [30] [31].
Figure 3.2: Omnidirectional Wheelchair Prototype.
NavChair (1994)
Simon Levine presented his NavChair project whose main objective was to solve the prob-
lems of adaptability and facility of control of the previously developed projects (Figure 3.3). The
main foundation of this project was to provide the chair with mechanisms capable of allowing the
avoidance of obstacles, follow and pass through doors, such as mobile robots [32] [33].
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This IW consisted of an on-board computer, an ultrasound sensors, an interface modules with
joystick and a power module. The control of the chair was shared between its user and the imple-
mented system, which overlapped the orders given by the user, if necessary [32] [34].
Figure 3.3: NavChair Prototype.
TinMan I Wheelchair (1995)
Developed by Miller e Slak this project left the focus on the mobile robots to aim for the
achievement of a robotic wheelchair (Figure 3.4) [34].
Based on a commercial wheelchair from Vetor Wheelchair Corporation was equipped with
five different types of sensors: contact sensors, infra-red proximity sensors, distance sonar sensors,
DRIVE MOTOR encoders and FLUXGATE compass. It also had a microprocessor that assisted the
user controlling the motorized IW [34].
On this prototype were presented three functioning types: guided by the user with an automatic
obstacle avoidance, moved along a predefined path and moving from an initial to a final point
(using environment internal maps) [3] [18] [35] .
Figure 3.4: TinMan I Wheelchair Prototype.
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FRIEND Wheelchair (1999)
Developed by the Automation Institute of Bremen’s University its focus was on helping people
with motor disorders with reduced upper limbs movement (Figure 3.5) [31].
This version was equipped with a MANUS six freedom degrees manipulator. Both the ma-
nipulator and the wheelchair were controlled by a complex control arquitecture. This IW was
embedded with a multimedia user interface that focused on the necessity of people with lack of
mobility on their hands or fingers. For that reason, a wide screen and voice command inputs were
implemented [31] [36].
Figure 3.5: FRIEND Wheelchair Prototype.
ACComo Wheelchair (2004)
Designed by Tomoki Hamagami and Hironori Hirata in the Artificial Intelligence Division of
Chiba-shi, Japan, aimed to the development of an IW that owned an autonomous behaviour of
obstacles avoidance and in cooperation with others IWs as well as its user (Figure 3.6) [34].
For that, it appealed to the learning and evolution of ACCoMo intelligent agents resorting to
self-experiences in virtual and real environments. This IW was designed to perform in closed
spaces [34].
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Figure 3.6: ACComo Wheelchair Prototype.
MIT Wheelchair (2005)
This project main goal was to increase the IW autonomy (Figure 3.7). To achieve that the fol-
lowing methods was contemplated: sensors who analyse the real environment around the wheelchair,
an interface who recognises voice commands, an automatic determination of its location in closed
spaces and motor control software to lead the IW movement [37].
The major innovation of this prototype is its localization capability that gives it the capacity to
move through a defined path. This comes from the fact that the wheelchair can map the building
where it is situated and then calculate its course [37]. It is equipped with an interactive interface
for intelligent speech recognition. The user is able to spell full sentences that are understood by
the system. The interface interacts with the user, by asking questions to assure the correctness of
the resulting actions [38] [39].
Figure 3.7: MIT Wheelchair Prototype.
Portuguese Wheelchairs
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Portugal as also adopted an active role on the research and developing of IWs. As result of
that we can mention the IntellWheels Project (this IW project will be explained depth in the next
topic), the ENIGMA wheelchair, the PalmIber and the Magic Wheelchair.
ENIGMA wheelchair (Figure 3.8a) is an omnidirectional wheelchair from the University of
Minho which is being used with a focus on the development of applications with gestures com-
mands [40].
PalmIber (Figure 3.8b) is the continuation of the project PALMA (Support Platform Playful
Mobility Augmentation) Ibero-American Program for Cooperation and Development [41]. This
IW has a multi-detector system of obstacles (that uses ultrasonic sensors), a set of interfaces for
the user (allowing the control of the vehicle through direct selection or selection by scanning) and
a programmable interface (allows the assignment of different levels of complexity to the vehicle
such as speed, acceleration and different ways to avoid obstacles) [41].
Magic Wheelchair (Figure 3.8c) is part of the MagicKey Project from the Polytechnic Institute
of Guarda [42]. This prototype uses an eye gaze tracking method, by the adoption of a high
definition camera in association with a software package that determines the direction the user is
looking at. Ten sonars sensors are embedded in the IW (for obstacle avoidance) and two encoders
(to regulate the real time speed values of each rear wheel) [42].
(a) ENIGMA prototype. (b) PalmIber prototype. (c) Magic prototype.
Figure 3.8: Portuguese IWs Prototypes.
IntellWheels Project
The IWP is a simulation and visualization IW platform (Figure 3.9), which can be adapted to
any commercial wheelchair and thus aid any person with special mobility needs [22] [43]. Was
developed by the collaboration of different entities, including universities, research laboratories
and support associations for people with special needs [25].
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Figure 3.9: IntellWheels Project Prototype.
Its first prototype focused on the development of the modules that provides the interface with
the electronic components of the motorized wheelchairs through a portable computer and sen-
sors. For the past few years, several modules has been developed to enable new forms of sending
commands to the IW [25].
This project is equipped with high-quality graphics as well as a high performance, however,
its great advantage in relation to other projects in this area is that this project has developed a MMI
that allows to adapt the commands to the needs of its user. It also allows: the semi-autonomous
behavior with obstacle avoidance, autonomous navigation and planning capabilities and the co-
operation with other intelligent devices presented in the same space (both real and virtual IWs
interaction, for example). These interactions will make highly complex tests with a substantial
number of devices and IWs possible, in an inexpensive way, as there will be no need to manufac-
ture a large number of real IWs [22] [25].
The modular architecture of the IntellWheels platform can be subdivided into six basic mod-
ules: interface, simulation, communication, navigation, hardware and planning. This focus on
developing a multi-agent platform will enable an easier integration of sensors, actuators, devices
for augmented interaction with the user [25] [44] , navigation methods and planning techniques,
as well as methodologies for intelligent cooperation solving [25] [45].
The main characteristics that define this platform based on the paradigm of multi-agent sys-
tems (MAS) are the input modalities available and the integrated MMI [31] [34].
An IW has to be equipped with multiple input devices that allow the gathering of information
about the environment where it is placed, so it can perform like an intelligent agent that tries to
cover the largest possible number of individuals with a wider range of symptoms and physical
capabilities [4]. A higher number of input methods is equivalent to a more robust IW since it
can increase the capture of information which leads to a more reliable analysis therefore ensuring
more effective solutions. In the figure below (Figure 3.10) are shown the peripherals integrated in
this IW:
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Figure 3.10: IWP Available Inputs.
The flexible and adaptable integrated MMI is responsible for the analysis of the commands
given by the user, identifying the action that he wants to execute through the information received
from the remaining modules. In order to avoid the potential accidents caused by the false recog-
nition of user commands, the proposed methodology allows the user define sequences of inputs,
which are subjected to a reliability test [35]. The MMI collects data using several different inputs
like voice commands, joystick, keyboard, facial expressions detection and corporal movements
[23] [3] [34].
It is possible for each user to create its own usage profile, where it is established which be-
haviours that must be executed in order to designate a specific action like blinking the right eye
means turning the IW to the right side. Thus it is possible to optimize the user action process
before the simulator as the interface easily can be adapted to its needs.
In the figure below (Figure 3.11) is shown the MMI integrated in the IWP:
Figure 3.11: IWP MMI.
The architecture of the IntellWheels platform uses the paradigm of the MAS, allowing a
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greater flexibility on adding new modules and a greater interaction between smart devices. On
a IntellWheells chair can be observed four types of basic agents: the interface agent (responsible
by the user’s interaction with his wheelchair), the cognitive agent (responsible by planning the IW
actions), the perception agent (responsible by understanding which sensors are suitable for each
moment and from them obtain data such as the environment location and mapping) and the control
agent (responsible by basic control actions, such as wheels control and obstacles avoidance) [44]
[46].
This agents are heterogeneous and may collaborate with each other or with the agents of
another IW. The operating environment of the IW can be considered as a MAS composed by
several MASs, that is, a IW is composed by several micro-agents that form the IW MAS, which
communicates with the remaining MASs presented in the environment [46].
The IntellSim Simulator is one of the system modules and will be described on the next chapter
(4.1).
3.2 User Interfaces
User Interfaces have the objective to allow the interaction between a human and a computer, be-
cause they allow the users to control the machine in a manner appropriate to their physical and
psychological limitations. Human Machine Interaction (HMI) focus in the interface design as well
as in the interaction established, aiming to naturalize it as better as possible [47]. The most used
HMI mode still stands by the mouse and keyboard since they are the more familiar ones, yet these
restrict the information and command exchange between users and computers. This restrictions
have become bigger with the emergence of new technologies such as Virtual Reality (VR) and
others [48]. With the evolution made regarding signal processing, sensor technology and machine
vision, the traditional user interfaces and HMI devices were expanded with success.
The Input devices are the devices used to interact with the computer or provide information.
Besides the most used one mentioned above, other input devices are the microphone, video cam-
era, joystick, tongue mouse, accelerometer, gyroscope, data gloves, brain headsets and others.
Some of these can use various recognition methods such as video based systems, facial expression
analysis, eye gaze tracking, head movements, mouth recognition, speech recognition, gestures
recognition and in a more complex case, thought recognition [35]).
The main feature of these Interfaces is the adaptability, which can improve the interfaces
capability to interact with a user based on the experience with that user. Using that experience
data and some tests it is possible to adapt the interface according to the limitations of its user,
optimizing the HMI. These interfaces must have a knowledge domain in four fields: Knowledge
of the User; of the Interaction; of the Task/Domain and of the System Characteristics [49].
Below are presented the most relevant Intelligent/Adaptive User Interfaces to the project:
• QuadStick Interface - allows the user to control the keyboard and the mouse of a computer
by using a mouth device. Is also equipped with voice recognition sensors, air pressure
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recognition sensors and touch recognition sensors, allowing quadriplegic patients to play
various games. This is a Kickstarter product released in 2014. It was based on a joystick
developed by Ken Yankelevitz, who had the goal to provide a low cost tool for tetraplegic
people so that they could play high level games. This ensured that these patients were
included in the social communities formed around those games [50];
(a) QuadStick device representation. (b) Person using QuadStick.
Figure 3.12: QuadStick Interface.
• Wiimote Interface - The Wii Remote, usualy designated by Wiimote was presented by Nin-
tendo in 2006 when the Wii console was launched. This device communicates through a
Bluetooth connection, presents a set of buttons as the ones in the Nintendo controllers and it
can detect movement in all three axis (x,y,z). It possesses a optic sensor that communicates
with the Wii infra-red source so that the console can determine to where the remote is point-
ing. This equipment has its own memory and allows the creation of user profiles. There is
also a module available called Motion Plus that can be adapted to the Wiimote and provides
detection of more complex movements [51];
(a) Wii Remote device representation. (b) Motion Plus module.
Figure 3.13: Wii Remote Interface.
• Microsoft Kinect Interface - Kinect was presented by Microsoft in 2010 but was only
made available to the public in 2011. This device has a sophisticated microphone capable
of suppressing background noises and determine the location of the sound emitting source.
Also has a infra-red emitter and two cameras that get information relative to the distance
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which is the user, coloured images and data about the physical aspect of the user. Using this
information, it is possible to determine which commands the user intends to execute. These
movement detection tools allowed the implementation of new interfaces that improved the
interaction between users and games significantly, specially in cases of users with physical
limitations since it made it much more effective, simple and intuitive [51] [52].
Figure 3.14: Kinect Device Representation.
• MMI - Its main feature is that it allows to optimize and simplify the communication between
Man-Machine in an easy, more natural and intuitive way. It uses several input methods
appropriate for its target users such as a Pen, Voice Recognition, Head Movements, Touch
Screen, Video Analysis, Facial Expressions and Hand Movements. They intent to recognize
naturally forms of human language or behaviour to exchange information with the computer,
incorporating recognition-based technologies [53]. This support must aim into a robust
processing of the inputs to correctly recognize the intentions of its user.
The main aspects of these Interfaces are the adaptability to users, usability and safety [54].
These are very important because they should be accessible to any person, since if a user
has any disorder that suppresses the use of one input, there should be another to compensate
the handicap. As the output control options only are limited by the total number of inputs,
this multi-modality achieves a complementarity that highly improves its usability [47] [50].
In the following Table (adapted from [31]) will be presented some of the most relevant
MMIs and compared in terms of the available inputs to the user [31] [43] [55] [56] [57] [58]
[59] [60] [61] [62]:
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Input Methods
Designation Pen VoiceRecognition
Head
Movements Touchscreen
Video
Analysis
Facial
Expressions
Hand
Movements
Brief Description
Naval Research
Laboratory
Interface
Application that enables the
robot control.
Assistive
Multimodal
System
MMI used for hands-free
computer control for users with
disorders of their hands or arms.
MATCHkiosk
Mobile MMI to subway and
restaurants information in New
York.
Real Hunter
Real-state interface that expects
users to select objects/regions
with touch input while making
queries using speech.
QuickSet Interaction with distributed
applications for military training.
Video Based
Interface to
Textual
Information
of the Visually
Impaired
Acess of textual information
present in non- standard sources,
such as magazines or newspapers,
for the visually impaired.
Multimodal 3D
Healthcare
Communication
System
Communication system between
patients and doctors through
gestures.
Bi-modal
Emotion
Recognition
Allows the detection of emotions
by real video sequences.
IntellWheels Application developed on the
project domain IntellWheels.
Table 3.1: MMI Comparison.
It can be said that the one that demonstrates higher quality and robustness is the MMI, since it
supports more input devices, has the lower usage complexity to the user, it is very flexible and it
can be adapted to simplify the interaction between the user and the machine.
3.3 Summary
The IWs are one of the auxiliary adaptations developed for people with motor disorders, consid-
ering the increasingly need of their autonomy level improvement, their social integration and their
quality of life.
Over time, many researches have been made and the evolution of this resource was due to the
developments focused on the interaction with the user, the autonomous navigation, the commu-
nication systems (the less described and treated concept of an IW) and the amplification of the
concept of HMI. The IWs have evolved from the goal of creating (in 1986) a computerized system
that controls it in a totally autonomous way [21] to, nowadays, having a IWP that can be adapted
to any commercial wheelchair (providing the interface with the electronic components and having
different forms of sending commands to the IW [25]).
The User Interfaces have the objective to allow the HMI, on an adaptive way, since the interface
can be adapted according to the user’s limitations. Analysing the literature review made, the MMI
was considered the most qualified, since it allows the use of various input methods, can be adapted
to the user’s needs, and due to its usability and safety.
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Chapter 4
Serious Games
In this chapter, will be given a definition of Serious Games, followed with a presentation of the
various wheelchairs simulators available as well as the serious games simulators and the known
Boccia simulators. All these will be accompanied with a brief description and an illustrative
representation.
4.1 Definition
Serious Games are games that don’t have entertainment as their main purpose. They are more of a
mental contest, played with a computer in accordance with specific rules with the main objective
of further improve the knowledge, skills and every aspects related with education, healthcare,
defence, training and other pedagogic components (although they are not necessarily deprived of
entertainment, enjoyment or fun) [63] [64].
This term is becoming a lot more popular since video games (VG) are getting increasing au-
diences with an expanding age range, they can be of any genre, use any game technology and be
developed for any platform. As they can have many applications, the main focus of the current
research is the rehabilitation area for patients with impairments and disabilities. That happens
because it has been shown that the patients function can be improved with intensive training, how-
ever, the problem is that the lack of the patient interest in performing repetitive tasks significantly
increases over time [5].
Since the traditional treatment approaches include exercises often considered repetitive and
boring for patients, using computer games to improve physical and cognitive rehabilitation can
offer the potential for a significant therapeutic benefit (even in the management of pain since it
distracts the patient’s attention) [65].
One of the main technologies used in the rehabilitation of cognitive and motor deficits is the
application of VR, since the VR based-methods can offer the patients really immersive experiences
that are engaging and rewarding for them [5] [65].
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4.2 Wheelchairs Simulators
Simulators have different objectives and contexts, where they are expected to perform as close to
reality as possible to test the behaviour of the human being and the wheelchair (in this case). The
goal of creating this type of simulators is related to the concern in improving the driving of the IW
and also general manual/electric wheelchairs.
The detailed description of the various existing projects can be found in the literatures [66]
[67], as well as the guidelines for a performance evaluation can be found at [28]. In the table
below are detailed some of the wheelchair simulators:
Powered Wheelchair Mobility Simulator (1993)
Developed by the State University of New York. It is a
simulator of manual wheelchairs. Had the goal to de-
velop an evaluation and training instrument for people
with physical and cognitive restrains [68].
Oregon Research Institute Simulator (1994)
Is a simulator of an electric wheelchair using VR. Has
sound feedback in the system in order to inform the im-
pact when a collision occurs [69] [70] [71].
Simulator of Powered Wheelchair (1998)
Developed in the National Rehabilitation Center for the
Disabled, in Japan. System composed by two computer
screens and a mobile platform that is connected with
six actuators producing accelerations and decelerations
similar to the real electric wheelchairs [72] [73].
VAHM (2000)
Developed at the University of Metz, in France. It is a
simulator for testing the driving performance of a IW.
The simulator’s concept was to enable the wheelchair
with computer connection abilities and create a soft-
ware that would simulate the world perception to the
chair [28] [74].
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Royal Hospital of Neuro-disability vs University of
East (2002)
As result of a join project, was published a work with
results of the role of VR technology in the assessment
and training of inexperienced powered wheelchair users
[72].
Virtual Environment Mobility Simulator (2005)
Provides a virtual environment where simple tasks are
proposed to motivate the users. In this simulator, chil-
dren could drive an electric wheelchair in different vir-
tual environments [75].
Virtual Intelligent Wheelchair (2007)
Developed at the Mediterranean University. It is a sim-
ulator with the main goal being the evaluation of IWs
[76].
University of Pittsburgh (2008)
A 2D Wheelchair Virtual Driving Environment was
proposed in order to test the driving ability, the per-
formance and to train users with traumatic brain injury
with different controls [77].
McGill Simulator (2011)
Used the Unreal Development Kit and a comparison in
real and virtual environments were conducted using an
electric wheelchair [78].
IntellSim (2012)
One of the modules of the IWP. Allows to recreate a VR
where it is possible to simulate environmental tests for
developed prototypes. Has a game option that grants the
creation of a set of goals scatered through the map, gen-
erating a path that the user should follow, thus allowing
experiments with the IW [2].
Table 4.1: Wheelchairs Simulators (adapted from [3]).
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4.3 Serious Games Simulators
Slalom the Videogame
The Slalom is a realistic simulator for the sport Wheelchair Slalom practiced by persons with
CP, developed using Unity. Its goal is to encourage, teach and support the sport’s practice by
allowing new users to learn the basics of the game. On the other hand, helps the practitioners on
perfecting their strategies and game techniques [79].
Consists on controlling the wheelchair through a predefined course with the main goal being
the overcome of the encountered obstacles, and can be controlled using three different modes:
joystick or keyboard control mode, mouse control mode or one button control mode (Figure 4.1)
[79].
Figure 4.1: “Slalom, the Videogame” game environment.
Serious Games for Children with Cerebral Palsy
This is a platform composed by seven different games (Driving Maniac, Marine Life, Space
Stuntz, The Fancy World, Biplane 1922, Alex Adventure and Free Driving), developed by re-
searchers at Flinders University, which are aimed at helping children with CP [80].
Developed in 2011, one of the researchers, David Hobbs, said that “Serious Games developed
for motor rehabilitation produce a more engaging and enjoyable method to participate in physical
therapy (. . . )”[80]. This platform, in order to develop appropriate Serious Games for children
with CP, considered: longevity of play experience, requirements from therapists or researchers
and the interface requirements of the participants themselves [80]. The games were developed
with a joystick-only interface to ensure a high level of accessibility. It was also adopted a single,
easy to hit button for out-of-game menu navigation [81].
The figure below (Figure 4.2) represents two of the games developed.
(a) Space Stuntz game environment. (b) Biplane 1922 game environment.
Figure 4.2: “Serious Games for Children with CP”: two of the seven game’s platform.
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In the table presented below are presented some other serious games more focused on the
rehabilitation process already produced and the set of criteria relevant to the classification and
comparison relative to their rehabilitation capabilities [5]. This games are better explained in the
respective references.
Betker et al. [82] Ma et Bechkoum [83] Conconi et al. [84] Caglio et al. [85] Cameirão et al. [86] Burke et al. [65] Ryan et al. [87] System RehaCom [88]
Application Area Motor Motor Cognitive Cognitive Motor and Cognitive Motor Motor Cognitive
Interaction Technology Body Weight
Movement
Motion Tracking
+ HMD
Speech + Touch +
Motion Tracking
+ Biosensors
Keyboard Motion Tracking Motion Tracking
WiiMote
Wii Balance
Special Keyboard
+ Joystick
Game Interface 2D 3D 3D 3D 3D 2D 2D 2D
No. Players Single Single Single Single Single Single Single/Multi Single
Competitive/Collaborative None None None None None None None None
Game Genre Memory +
Simulation
Simulation Strategy Simulation – Simulation Maze Assorted
Adaptability Yes Yes Yes No Yes Yes – Yes
Progress Monitoring Yes Yes Yes No Yes Yes – Yes
Performance Feedback Yes Yes Yes – Yes Yes – Yes
Portability Home Clinic Clinic Clinic Clinic/Home Home – Clinic
Table 4.2: Classification and Comparison of Rehabilitation Serious Games.
4.4 Boccia Simulators
Based on the literature review made, below are presented some of the existing game simulators
that represent virtual environments of the game Boccia and their main characteristics [2] [34] [89]:
• Virtual Boccia – Puts the user in the perspective of the ball thrower and by using the Wii
Remote, he can control the ramp inclination and throw the ball using arm movements, al-
though the ramp is not visible in the game (Figure 4.3) [90]. It was developed to prove that
the simulated practice of this sport can influence its real practice. It has no associated cost
and is available to install in any personal computer;
Figure 4.3: Virtual Boccia Game Environment.
• “Boccia o simulador” – Is a project developed in "Universidade Técnica de Lisboa" in
Portugal, and it is a very basic version of the Boccia game with unintuitive graphics and
without proper interfaces for its users, since it only allows its control by mouse, keyboard
or joystick (Figure 4.4) [91] [92];
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Figure 4.4: “Boccia o simulador” Game Environment.
• BocciaSim – Was projected by two high school students and is a very basic simulator that
can only be controlled by the mouse and keyboard. This simulator was to be updated but the
project was left in a final version without much characteristics that highlight it. It is in 2D
and has no advantages or even possibilities to be played by patients with physical disabilities
[93].
• Boccia (Channel 4) – This simulator was developed by Preloaded in partnership with Chan-
nel 4 as a result of the Paralympics, 2012, taking place in Great Britain. Their goal was to
commission additional content to raise awareness of Paralympic sports, to help create house-
hold names of their Paralympic hopefuls, to build excitement and anticipation of the games,
and to establish Channel 4 as the official broadcast partner of the 2012 Paralympics.
The game was designed using Unity and has different playing modes such as quick play,
tournament and arcade, as well as recording all the progress and scores made in a global
high score table or on a table made up of Facebook friends. It allows the selection of
nationality, playing against another player on the same machine or even playing against the
best names in the sport with a highly competitive and realistic AI (Figure 4.5).
Preloaded made the effort to understand all the aspects of the sport and this is demonstrated
by how accurate the usability and gameplay are, plus the gorgeous graphics. The game is
now used regularly to teach schools about the sport and is regularly played by the GB Boccia
team [94].
Figure 4.5: Boccia(Channel 4) Game Environment.
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As can be seen above, there are not many Boccia game simulators and the ones that exist
cannot adapt to the various users with different physical and psychological disabilities. That is
the reason why it is so important to implement a user interface that can aid the simulator to adapt
automatically to the various disabilities. Thus allowing a bigger range of people to play the game
and even help the practitioners practice without having to move to the training fields and without
the constant help of the trainer.
4.5 Summary
Nowadays, Serious Games main focus is the rehabilitation area for patients with impairments and
disorders, since was shown that these users functionality can improve based on intensive training
[5]. The VR became a helpful tool for the rehabilitation process, since it allows an engaging and
realistic experience to the user [65].
Several types of simulators (both wheelchairs, Serious Games or Boccia simulators) have been
developed over time, with the expectance of performing as close as possible to the focused reality.
The literature review made for this dissertation showed that the Boccia simulators developed so far
are few and cannot be adapted to a large range of users. These observations led to the aspiration
of developing a Realistic Boccia Simulator, with the implementation of a user interface, allowing
the automatic adaptation to several disorders.
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Chapter 5
Approaches to the Simulation of Virtual
Environments
There are two possible approaches to the simulation of virtual environments that are the utilization
of graphic engines or game engines. In this next section, these two concepts are defined, it is
presented some of the available solutions for each concept with a detailed description and it is
made the respective comparison between them.
Additionally, the robotic simulators are introduced in the same way as the other two concepts.
5.1 Graphic Engines
A graphic engine is a software application that allows the user to design objects in two or three
dimensions in the virtual space. It can create every geometrical shape by asking the user only some
details about the shape wanted and then generates it in the space, with all the properties necessary
to make it as real as possible. They also have the purpose of generating more complex geometrical
figures such as the sphere or the cone, as well as the treatment of light perception and depth [34].
The graphic engines are utilized by the game engines to develop the virtual environments [34].
Below will be presented and compared some of the most popular graphic engines:
• Crystal Space (CS) – It is portable, modular and can be programmed in C++ (Python,
Perl and Java) in Windows, GNU/Linux and MacOS/X operating systems (OS). It allows
the design 3D virtual environments in real time, it is license free and can integrate code in
different languages. The graphic design is based in Open Graphics Library (OpenGL) and
it can apply textures to objects and represent shadows [95];
• jMonkey Engine (jME) – It is programmable only using Java in Windows, Linux and
MacOS/X OS. It is license free and allows the development of 3D games. It has a high
graphic performance, high portability and the graphic design is based in OpenGL[96];
• Object-Oriented Graphics Rendering Engine (OGRE) – Uses the C++ language and
supports Windows, Linux and MacOS/X OS. It is based in object oriented programming,
35
36 Approaches to the Simulation of Virtual Environments
has high portability and engine independent of the platform. It has a flexible communication
with external tools and allows to store object properties in text files that are read when the
application is started. It also comes with material/shader support as well as support for
meshes application, animations, scene customization and special effects [97];
• Open Scene Graph (OSG) – It can be programmed in C++ (Java and Python) in Windows,
Linux and MacOS/X OS. It is license free, offers a high portability and scalability, has
high 3D real-time graphic performance and it is utilized in virtual simulation, games, VR,
scientific visualization and modelling [98].
5.2 Game Engines
A game engine is a software application that allows graphic processing in real time that through
the abstraction of physical and graphic concepts facilitates the creation of virtual games [34]. Its
objective is to remove from the user the responsibilities of understanding the low level architec-
ture, such as the mathematical and physic formulas that are responsible for the visualization and
collision detection of the objects in the virtual space [34].
Below will be presented and compared some of the most popular graphic engines:
• Unreal Engine (UE4) – Developed by Epic Games, Inc., this game engine has been used as
a base for different games (both in 2D or 3D), for simulators and design tools construction,
encompassing different investigation areas [99].
It can be programmed in C++ and UnrealScript in Windows, Linux and MacOS/X OS. Some
of its characteristics are that it is license free for non-commercial purposes, has high graphic
and physics real-time accuracy, rendering, collision detection, artificial intelligence, physics
engine and great processing times. Its blueprint visual scripting enables anyone to rapidly
prototype and build playable content without touching a line of code [99].
It also has various sub-editors that allow the development of virtual worlds, physics, materi-
als edition, animations definition, lighting processing and other properties capable to make
these worlds as close to reality as possible [99];
• Blender Game Engine (BGE) – Developed in 2000 by Erwin Coumans and Gino van den
Bergen, this game engine goal was to facilitate the creation of games and other interactive
content in a "user friendly" way [100].
Includes C, C++ and Python programming in Windows, Linux and MacOS/X OS. It is
license free with open code to develop 3D content, has audio and vehicle dynamics support
and OpenGLTM visualization modes full support, including transparencies, animations and
textures. It uses graphic blocks to make the programming user-friendly that are composed
by the combination of sensors, controllers and actuators, allowing the movement control
and object visualization [100].
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Features an ultra-realistic rendering, easy modelling with multiple tools, realistic materials,
easy model rigging, library of extensions, video editing and it also can reproduce 3D games
and contents without compiling or pre-processing [100];
• ClanLib Engine – Presented in 1999 by the ClanLib Team, has an open and free library for
commercial use, under a BSD license. Aims to provide the necessary characteristics for the
creation of 2D multiplatform games and simulation of 2D objects and their behavior [101].
Programmable in C++ in Windows, Linux and MacOS/X OS. Has high-level 2D graphics
with fonts and animations, OpenGL and Direct3D render targets, high-performant shader,
sound and image support and collision detection. It also features data acknowledgement
from mouse, keyboard and joystick, resources integrated management and network library
with game interfaces [101].
5.3 Robotic Simulators
A robotic simulator is a development platform that intends to represent the robotic behaviour in a
virtual environment allowing the representation of real robots in simulated environments [34]. A
detailed analyses of the behaviour that it is wanted for the modelled robot to have must be done
bearing in mind his ultimate goal in a determined set of situations. This kind of simulators are
a very important part in this project because they allow the creation of applications for robots
without actually having a real robot. As it is needed the development of a simulated IRR for the
Boccia simulator, was performed a detailed search and comparison of the available solutions.
Below will be presented and compared some of the most popular robotic simulators:
• SimRobot – This simulator was developed at the University of Bremen and is capable of
simulating the behavior of arbitrary robots user-defined in three-dimensional space [34]. It
has a high usability because it contains an architecture with various visualization mecha-
nisms, direct actuator manipulation and interaction with the virtual world [102]. It is very
flexible because it has already implemented a big diversity of sensors and actuator, what al-
lows an easy development of many robot models. Finally, it has a low functional accuracy,
average development complexity, low installation complexity and it is license free [34];
• Gazebo – This simulator allows the 3D simulation of robot populations by using realist
sensors and a precise object interaction, mainly in representations of open environments
[103]. It features high-performance physics engines, advanced 3D graphics (using OGRE)
and several robot models [104]. It allows the utilization of sonar sensors, laser scanning
for finding distances and GPS. Its simple geometric models can be improved by inserting
modelled images created in external 3D programs, the robots can manage objects from the
virtual world and it supports cross-platform [105]. Finally, it has a low functional accuracy,
high development complexity, average installation complexity and it is license free (GNU
GPL) [34];
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• Unified System for Automation and Robot Simulation (USARSim)– This simulator is
directed to robots with wheels and thar perform search and rescue operations and has a
high accuracy representing the simulated robots, by using environments based in the game
Unreal Tournament [106]. As it uses Unreal Engine, contains high 3D rendering quality for
the creation of realist environments with integration of robots equipped with various sensors.
It also has a good graphic quality, high simulation quality, good visual editor interface and
flexibility in the programming language [107]. The code developed in the simulator can be
transferred directly to the real robot as it is. The simulation allows an easy evaluation of
the impact of the design decisions before the implementation of the code developed in the
real environment, thus avoiding damaging the materials during the test phases. Supports
models of sensors, robots and actuators frequently used in the robotics field, and supports
cross-platform [108]. Finally, it has an average functional accuracy, average development
complexity, average installation complexity and it is license free (GNU GPL) [34];
• Virtual Robot Experimentation Platform (V-REP)– This simulator allows a very real-
istic simulation since it has 4 physics engines for fast and customizable dynamics calcu-
lations which can simulate real-world physics, object interaction, collision detection and
inverse/forward kinematics. It has hundreds of functions already implemented, custom user
interfaces and the simulations are fully customizable, with 6 programming approaches that
are mutually compatible and 7 supported programming languages also compatible. Also it
has a model library, integrated edit modes and path/motion planning, which facilitates the
creation of the any robot intended and respective behaviour. Two of the main advantages
are that it can utilize a building block concept and the full interaction with the robots also
during the simulations, supporting drag-and-drop operations. This simulator also supports
customized dynamic particles, proximity sensors simulations and vision sensor simulations.
Finally, it has a high functional accuracy, low/average development complexity, low instal-
lation complexity and it is license free for non-commercial purposes (GNU GPL) [109].
5.4 Summary
For the development of the simulator was used a game engine and a robotic simulator (no graphic
engine from the ones described above was used, since the chosen game engine have his own
graphic engine). The UE4 and the V-REP were the chosen game engine and robotic simulator
respectively (the justification of these choices to the detriment of the remaining options is available
in the next chapter, subsection 6.3). These tools are important considering they allow graphic
processing in real time and the representation of real robots in simulated environments [34].
Chapter 6
Methodology and Tools
In this chapter, will be explained the task identification and planning process, the research method-
ology adopted, the framework and justification of the used methods and the simulator develop-
ment.
On the task identification and planning process, will be described the major phases of the
development of this project, since the literature review to the writing of the final dissertation report,
through a week time line. In the methodology used is considered the research for the state of art
itself, the approach of result analysis, the tools of work and the software tools. In the third section
of this chapter, is made a comparison between the chosen game engines, robotic simulators and
user interfaces according to the available solutions. On the simulator development section are
described and represented the different simulator parts (such as scene, robot and ramp, balls,
gameplay, menus and interface) considered to achieve the main goal of developing a realistic
Boccia simulator.
6.1 Task Identification and Planning
The development of this project can be split in two major phases: the development of the simu-
lator itself and the development of the written part of this dissertation. This major phases were
divided considering the necessity of making some literature review and writing processes on a
more theoretical way in comparison with the practical learning of the coding process needed for
the development of the simulator, using UE4. These phases are not mutually exclusive since the
theoretical understanding was the basis of the methodological choices that gave the knowledge
and practical development of the simulator. For this process, the objectives of the project where
always kept in mind and where the guidelines to make the methodological decisions, even for this
timeline phases.
For the development of the Boccia Game Simulator, were considered different tasks, as can be
seen below:
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• T1: Learning of the Used Tool – It was performed several tutorials in the UE4, as well as
the studying of the various examples included with the game engine. It was also developed
some simple code tests in order to better understand the development environment;
• T2: Development of the Virtual Environment – The virtual environment was focused
first, with the creation of the Boccia field that had the objective of making the players feel
that they were in a real field. All the markings measures were designed to coincide with the
real Boccia field markings;
• T3: Development of the Robotic Ramp – It was made an evaluation of the robot models
existing in the V-REP and chosen the most adequate to the implementation of a ramp on top
of it. Was then designed the ramp and the robotic pneumatic arm with real measures and
attached to the top of the robot model in the MAYA 3D program. After the design, the IRR
was exported to the UE4 where the movement and inclination coding was executed;
• T4: Development of the Balls – The Boccia balls were developed in the UE4 using an
existing texture to replicate the texture of the real Boccia balls. After the design, it was
developed the code for the different toughness’s of the balls according to the distances trav-
elled obtained in the tests performed to the real Boccia balls;
• T5: Development of the Gameplay – After the development of the virtual environment,
the IRR and the balls, the only essential coding left was the gameplay, which includes the
Boccia rules;
• T6: Development of the Menus and Interface – Finally, it was integrated a main menu,
pause menu and end game screen, as well as an intuitive and easy to understand HUD in
order to facilitate the perception of the game state.
For the development of this final dissertation report, were considered different tasks, as can be
seen below:
• T1: Literature Review about Boccia Simulators – It was made a research and review
about the existing Boccia Simulators, that are presented in this document, and was initiated
the learning of the Boccia game rules;
• T2: Study of the MMI and Simulators – It was made a research and review about all
the User Interfaces available, as well as the existing game and graphic engines, from which
the simulator could be implemented, and Robotic Simulators. The ones more focused were
the MMIs and the engines used for the simulator developed before on a project within the
framework of the IWP;
• T3: Definition of the Methodology to Use – It was made some research about approaches
of the result analysis and the chosen approach was the use of the Design Science Research
(DSR) methodology since it adapts perfectly to this project as well. This was an important
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step, since it helped on developing the time line itself, considering that it divided the project
in different phases (that are able to match this proposed tasks);
• T4: Literature Review about the Boccia Game – It was made some research about the
Boccia game, considering its main relevant aspects, due to the necessity of achieve a realistic
boccia simulator (was taken in consideration the target population, the equipment need to
practice this sport, all the game divisions available and the rules according to the game
itself);
• T5: Literature Review of IWs – It was made a research and review about the IWs pro-
totypes developed so far, including Portuguese prototypes and projects. This was taken in
consideration since one of the goals of this project is to allow the players to control the
launching pad through the keyboard or by using the MMI. The development of the IRR was
also based on an IW;
• T6: Writing of the Final Dissertation Report – This task represents the writing of this full
report about all the project and work done, including the state of art on all topics related,
the various methodologies used and finally all the executed tests and results made with the
simulator. Was also included the major conclusions of this work and some future work
suggestions.
The table below (Table 6.1) shows the timeline according to the tasks mentioned above.
October November December JanuaryFirst
Semester Week1 Week2 Week3 Week4 Week1 Week2 Week3 Week4 Week1 Week2 Week3 Week4 Week1 Week2 Week3 Week4
T1
T2
T3
T4
T5
Development
of the
Boccia Game
Simulator
T6
T1
T2
T3
T4
T5
Development
of the Final
Dissertation
Report
T6
Table 6.1: Timeline for the Development of the Dissertation.
6.2 Methodology Used
The methodologies that were used in relation to the research done, were the use of the FEUP
library repository and data base (that uses some of the most credible scientific content search
engines like Google Scholar, Scopus, IEEE Xplore Digital Library and Springer Link). The goal
was to research adequate articles and theses already produced about this subject to develop the
state of the art of the project. Some of these documents were also provided by the LIACC, even
a few that weren’t available for free. To ensure the quality of the information in the documents
consulted, it was taken in consideration the authors and quoting numbers.
The most important methodology to adopt was the form of the result analysis both in terms
of performance and quality of the simulator and experience given. The chosen approach was the
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use of the DSR methodology since it was already been used for the similar project associated to
the IWP and which adapts perfectly to this project as well. The DSR “involves a rigorous process
to design artifacts to solve observed problems, to make research contributions, to evaluate the
designs, and to communicate the results to appropriate audiences” [110]. It creates and evaluates
artifacts and is designed to solve identified organizational problems.
That methodology can be adapted to this work by the Peffer’s Model, shown in the figure
below (Figure 6.1):
Figure 6.1: Investigation Methodology Adopted shown by Peffer’s Model.
The process begins with identifying the problem and the motivation. In this phase, was taken
in consideration the increasingly need for people with CP to feel more independent, autonomous
and confident with themselves. Based on that, was defined the development of a Boccia simulator
in order to the athletes could make their practice more independently and without the help of a
coach. On the second phase, the objectives and the expected results with this project were defined.
It is a creative step, where the path to follow is defined according to the goals. Then, on the design
and development phase, was developed the realistic Boccia simulator itself, including a previous
analysis of the most suitable engines to use for this project. In the fourth phase, demonstration,
were made tests for finding a suitable context, in order to achieve a realistic Boccia simulator (the
balls physics, the ramp measurements and the Boccia rules were taken in consideration). The
evaluation phase is the specification of what should be evaluated and under what conditions. To
achieve that, the use of Surveys to BC3 players and to people with or without motor disorders
was considered. Lastly, the communication phase, is the provision of the final solution for future
implementation in athletes’ training. If the obtained solution needs to be improved, it is just the
end of a cycle, and the model should begin again.
Was also used a Quantitative Positivist Research approach [111], so that it was possible to use
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surveys during the tests made to the simulator developed. A survey is a set of structured questions
that allow the data collection of the persons to whom it is addressed and, in this case, it will be of
direct administration, since it is the user itself to register his response options at the time of reply
to the survey [112]. Was developed a survey to verify the usability and satisfaction degree of the
simulator, according to the user experience. Were considered different types of questions: Closed-
Ended questions and Open-Ended questions [112]. The first type was used in order to allow the
user to choose an answer between the hypotheses formally proposed. The second type was used in
order to allow the users a spontaneous, free response, which was understood as contributing to the
wealth of the collected data. The development of this survey was related to the fact that were not
identified adequate full surveys for the investigation and with the relevance of limiting the users to
the questions asked (considering the objectives of the study). Based on what was said, the survey
had different sections, some of them based on already developed surveys, as can be seen below:
• User Identification – Consists of seven questions about the user’s personal data;
• Video-games Experience – Is intended to know the experience of the user in virtual games.
Consists in eight questions, measured using a Likert Scale (for frequency, knowledge degree
and proficiency degree, which can be assigned a value ranging from 1 to 5) or a Yes/No
answer;
• Game Experience Scores – Includes ten questions, using the multiple choice for the user
response. Intends to describe the progress of the game, in the user’s perspective;
• Core Elements of the Gaming Experience Questionnaire (CEGEC) – In this section
the questions are directly related to the user experiences in the scenario of the simulator.
The CEGEQ survey was developed to measure the observable variables (items) in order to
understand the user’s experience in practicing this game. The items can be observed in the
Appendix I. For each item it is possible to assign it a Likert Scale of seven values that vary
between "Strongly Disagree" and "Strongly Agree".
This section consists of 34 items questions that make up ten dimensions that can be grouped
into five main dimensions. The dimensions are: Enjoyment, Frustration, CEGE, Puppetry,
Video Game, Control, Facilitators, Ownership, Gameplay e Environment. The Enjoyment
(question 1, 4 and 5) is related to the pleasure that the user had during the experience, the
fact of liking or not liking the game. The Frustration (question 2 and 3) measures the user’s
frustration levels during and after the experiment. The CEGE (question 6 to 34) allows
to evaluate central elements of the game experience (this dimension incorporates the game
itself and the interaction between it and the user, as well as the positive experience of the
user during the experiences) – is a general dimension of the survey. The Puppetry meets the
dimensions Control (question 6, 12 and 34), Facilitators (question 13 to 18), Ownership (19
to 24) [the question number 25 is a combination of the control and the ownership dimen-
sions]. This dimension is affected by three conditions (control, facilitators and mastery) and
is responsible for determining the levels of user interaction with the game through the user’s
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control over the game. The Control produces dominance, which in turn produces pleasure
for the game. This domain is produced by facilitators that allow to compensate for the sense
of control. The Video-game meets the Environment (question 26 and 27) and Gameplay
(question 28 to 33) dimensions. The perception of the user of the VG is formed by the en-
vironment and the game played, that is, is the analysis of the graphical environment of the
simulator and the user’s perception about the game [113].
For the analysis of this set of questions were added the items by dimension. In the case of
negative items, it was necessary to invert the values through the formula 8-x, where x is the
value assigned to the question (the value of 8 was used because the scale ranged from 1 to
7);
• System Usability Scale(SUS) – Intends to evaluate the usability of the system tested, the
experience of using the simulated environment. It consists of 10 items measured with a
Likert Scale of 5 values, ranging from "Strongly Disagree" and "Strongly Agree". The
usability scale of the system allows a global view of subjective evaluations of the usability of
a system and can only be measured taking into account the using context of the system (who
is using the system, what they use for this and the environment in which they are using).
The usability measures have three different aspects, which are effectiveness, efficiency and
satisfaction. In order to elaborate the analysis of this set of questions it was necessary to
reverse the items 2, 4, 6, 8 and 10 and later make the sum of the values [114];
• Assessment of the Boccia Game Experience in Simulated Environment – Consists in
eight questions using Yes/No, multiple choice or Likert Scale (based on the realism degree
according to the game experience, which can be assigned a value ranging from 1 to 5)
answers;
• Improvement Suggestions – There is only an open-ended question, so that users can com-
ment and suggest some improvements.
The survey was available on an online platform, through the Qualtrics software. The consent
associated with the accomplishment of this study can be called “presumed”, since the survey is
filled out by the user and only advances with the specific fulfillment of a clause that expresses the
purpose of the study, as well as assures its confidentiality and anonymity (based on the information
available on the “Informed Consent”, by the Declaration of Helsinki).
The developed study is transversal, since the data collection was made in a single moment,
without existing further monitoring of the sample elements [115].
The data acquired about the user’s performance and surveys presented were subject to a statis-
tic analysis, involving the components of descriptive and inferential statistics. For the sample
characterization, performance results and user’s opinions were used summary statistical measures
such as mean, mode, median, standard deviation, minimum and maximum. The tables of fre-
quencies and graphs also allowed to illustrate the answers of the users (available in the Chapter
7).
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For the tools of work, were made available a workplace in the laboratory of LIACC with a
computer and also a laptop was provided to help the work on the project at home. A real wooden
Boccia ramp and different types of Boccia balls (considering their toughness) were provided by
BOCCAS [1] so that measurements and tests could be performed to make the simulator as realistic
as possible. Relatively to the software tools used, as a documents repository was used Dropbox,
to write all documents was used the application Texmaker and to work with all the references was
used the application JabRef. All the applications that were chosen to develop the simulator will be
explained in the next section of this chapter.
6.3 Framework and Methodology
This dissertation aimed to develop a realistic simulator Paralympic game "Boccia", so that the
practitioners that carry the various physical and psychological conditions, can practice this sport
in a more autonomous way.
The simulator will consist on the representation of the field, the rules and ball throwing plat-
form - IRR. The ramp will be a robot that will move according to the user’s orders, positioning
as the user wants (both position and inclination parameters). The main focus will be on the user’s
ability to manage as independently as possible the launch pad. The system must be provided with a
MMI, which allows the user to create the most appropriate usage profile regarding their disorders.
After all the research made for the proposed project it was defined that it was needed at least
a game engine, a robotic simulator and a user interface. The graphic engines were discarded since
the game engines have their own graphic engines and it was chosen to develop this project using
a game engine. Using all the comparisons made between the available solutions, it was relatively
easy to reach a decision on which ones to use and learn more about their capabilities and how
to use them. The fact that some of them have already been used in a similar project targeted
for people with CP (made by another student about simulated serious games using multimodal
interaction) (Figure 6.2) [2], helped with this decisions.
(a) Boccia IRR scene. (b) Boccia IRR.
Figure 6.2: Boccia Scene (developed by [2]).
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Speaking first of the game engines and before making the respective comparison, the ClanLib
Engine can be eliminated of this pool because it is focused on 2D virtual environments [101].
The remaining game engines were UE4 and BGE, although both focus on the development of 3D
virtual environments and use graphic blocks to make programing user-friendly [99] [100], the best
one for this work was definitely the UE4.
The main reason is that it is ideal to represent realistic environments and objects due to the
high graphics and physics accuracy, where it performs better than the BGE. Its realistic collision
detection, which is a very important feature for this project, was also a decisive factor (when
compared to BGE), and specially the sub-editors that it provides allowing a realistic object creation
and personalization (since none of the others have them) [99].
Inside the context of the UE4, was also considered the Unreal Tournament Editor that is a
game engine based in the game Unreal Tournament developed by the same company as UE4. This
editor was used in [2] (the project that provided the idea for this dissertation) but lacked the graphic
and physics realism that were needed to develop the realistic simulator, as can be compared in the
figure below (Figure 6.3).
(a) Dias Boccia IRR. (b) Boccia Designed IRR for this dissertation.
Figure 6.3: Boccia IRR Graphic Comparison.
As it was required the development of a simulated IRR for the Boccia simulator, we needed a
robotic simulator and the best choices were the USARSim and the V-REP. SimRobot and Gazebo
were easily eliminated from the pool since they both had low functional accuracy, which is an
important feature for the simulated IRR [34].
The main feature of USARSim is that it uses the Unreal Tournament environments so there is
no need to worry about the adaptation between the robotic simulator and the game engine while
still having average accuracy representing simulated robots [34] [106]. Comparatively the V-REP
has the capability of a really realistic robot simulation, probably better than the USARSim, and a
better development environment with a lot more functions [107] [109]. Although it has to import
and convert the data to be used by the UE4, it has a low complexity on that level [109]. So, based
on the study made, V-REP was chosen as the robotic simulator because it had a low complexity
and it was more realistic, which is the main goal of the project.
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For the user interface, it was chosen a MMI. The capacity of allowing multiple input methods
grants the possibility to make the interface adapt automatically to the users easily and to create
specific and customizable profiles for each one [53]. This feature is really important to the project
since the main target users are people with physical and psychological conditions. The fact that an
application can adapt to its users so a vast group of conditions can be covered allows most people
to practice the sport without problems [54]. Possibly even removes the necessity of moving to the
training field in the case of official athletes or even getting frustrated in the case of casual players.
Of all MMIs considered, the one already developed for the IWP (one of the main projects
associated) was the chosen MMI, because it was carefully thought and it adapts perfectly to this
dissertation purpose [22] [43]. The project mentioned above consists in an IW simulation and
visualization platform that can be adapted to any commercial wheelchair and thus assist any person
with special mobility needs [25].
Finally, all these choices were decided by thinking in the main characteristic of the game,
which is to create the most realistic Boccia Simulator possible. To make that achievable, physical
measurements were made (using the three different types of Boccia balls available) considering
the different trajectories attainable by the many positions of the ramp, since the ramp can have
multiple vertical and horizontal angles.
6.4 Simulator Development
On this subsection is intended to explain the process behind the development of the simulator,
considering the various steps throughout. It can be subdivided in five different major topics: the
virtual environment, the IRR, the balls, the gameplay and, finally, the menus and HUD.
Notice that the UE4 allows the use of a Blueprint-based coding which means that in the sub-
sections below no hard-code will be referenced since it was not applied. This blueprint-based
coding recurs to graphic blocks which are equivalent to hard-code functions. These blocks can
either be very simple functions or complex algorithms. Therefore they will only be referenced by
name since their full description can be found in the UE4 homepage [99].
6.4.1 Virtual Environment
This subsection is related with the creation of the Boccia field. Since one of the main objectives of
this dissertation was the development of a realistic Boccia simulator, one of the main goals was to
try to make the players to feel that they were in a real field. For this purpose, several visual aspects
were considered, such as: the indoor basic structure, the standings, the field accesses, the field
itself and the court decoration (including the score board, the clock, the referees, among others).
The settings of the project were changed in order to equalize a centimetre to an Unreal Unit (UU).
All these aspects were designed and customized using the UE4 integrated sub-editors, since
none of them implies coding (all the models used were included in the UE4 starter content or were
found on free online platforms). The imported models were scaled in order to coincide with the
UU defined. The MAYA 3D was also used for changing the referee’s positions.
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First, was designed the basics of an indoor structure: the floor, the walls and the ceiling. The
floor was made with a model already included in UE4 that was a 4mx4m solid horizontal square
with 20 centimetres of height. These were multiplied in order to have a 28,90x28,25m floor and
customized with a walnut polished texture also available in UE4 (Figure6.4a). The area around
the field was textured to look like a synthetic blue floor involving the playing area. The walls
followed the same process of the floor, but instead of using a 4mx4m solid horizontal square with
20 centimetres of height, was used a 4mx4m solid vertical square with 20 centimetres of width
(two of these walls had a hole for later including a door each). A set of these walls were applied all
around the edges of the floor and above was placed another set of walls, but this set had holes in it
to later make windows (will be explained in the court decoration). All the walls were customized
with a wood pine texture available in UE4 (Figure 6.4b). The ceiling used the models used for the
floor and they were place on top of the last set of walls. All the ceiling blocks were customized
with a walnut texture available in UE4 (Figure 6.4c).
(a) General view of the floor. (b) General view of the walls. (c) General view of the ceiling.
Figure 6.4: Virtual Environment: Floor, Walls and Ceiling.
Speaking about the standings, it was made the standing’s structure using solid static meshes
in rectangular shape to make their stair form. After that, it were added two sets of steps to each
lateral standing and one set of steps for the central standing (Figure 6.5a). These steps were part
of the UE4 content and only needed to be customized in size and colors. The set of seats was
obtained on an online platform and then imported to the UE4 where they were adjusted in size and
customized in color, in the interest of matching the general standings. These sets were composed
by four seats and were multiplied, in order to fill the standings (6.5b).
(a) General view of the standings. (b) Standing’s seats.
Figure 6.5: Virtual Environment: Standings.
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Then, were made the field accesses in the back corners of the court. The door and the rope
barrier models were obtained on an online platform and imported to UE4. The doors were inserted
in their respective wall’s hole and colour customized to visually match the court colours (Figure
6.6a). The rope barrier was multiplied and were made two sets for each door, in order to make an
aisle leading to the field. These sets were colour customized as well (Figure 6.6b).
(a) General view of the door.
(b) General view of the rope barrier.
Figure 6.6: Virtual Environment: Field Accesses.
The field itself was composed by a 16,5mx10m floor block that was painted in a similar colour
(light green) to an example of the real Boccia field where were added the designed markings
combined in a mesh (Figure 6.7a). The markings matched the official Boccia court measurements,
with its area being a 12,5mx6m rectangular field, with six throwing boxes (each 2,5mx1m) and a
“cross” at 5 metres from the final line. The official thickness of the markings was also respected
(10 centimetres for the field limit markings and 5 centimetres for the others). It was also placed a
kind of barrier made with a wedge static mesh included in the UE4 starter content, one metre apart
from the field limit markings that separate the field from the surrounding blue area (Figure 6.7b).
(a) General view of the field.
(b) General view of the sur-
rounding field area.
Figure 6.7: Virtual Environment: Field.
Lastly, the court decoration included the score board, the clock, the windows, the referees, the
spotlights, the wall lamps and the team benches (Figure 6.8 and 6.9). All these items, except the
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windows and the wall lamps, were obtained on an online platform and imported to the UE4 after
being scaled to UU in the MAYA 3D. The windows and the wall lamps were already included in the
UE4 starter content. All the models were colour customized to look like their real representation.
The referee’s models were also edited in MAYA 3D only to change their arms position (the model
had the arms at 90o and they were changed to look like they are in a relaxed position).
Figure 6.8: Virtual Environment: Court Decoration (general view of the referees, spotlight, score
board and clock).
(a) General view of the bench. (b) General view of the windows and wall lamps.
Figure 6.9: Virtual Environment: Court Decoration.
6.4.2 Intelligent Robotic Ramp (IRR)
This subsection is related with the development of the simulated Boccia IRR. As this project main
focus is the BC3 division, it was needed the integration of an auxiliary ramp to launch the balls
that was introduced as an IRR. The choice of using a simulated IRR was based on the objective
to give the users the biggest autonomy possible. This allows them to control the aim direction of
the ramp and adjust its inclination, affecting the distance travelled by the balls. This choice was
also based in the possibility of the conversion of the simulated IRR to a real IRR project, where
the concepts would be almost the same, only changing some basics of the coding.
First speaking of the design, it was used the robotic simulator chosen, V-REP, to achieve an
adequate design for the robotic base of the ramp. The robot model selected was the Pioneer
P3dx mobile robot already available in the V-REP model resources (Figure 6.10a). This robotic
simulator provides models with the correct collision volumes and connections between the several
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components that constitute the robot. These feature enables an easy exportation to the MAYA
3D where the pneumatic robotic arm and ramp were designed. The MAYA 3D software was also
needed in order to convert the Pioneer P3dx mobile robot measures to the UU since the V-REP
and the UE4 operate in different measurement units. Also the Center of Geometry (COG) was
aligned with the center of the robot where the pneumatic robotic arm would after be placed.
After importing the mobile robot model to the MAYA 3D, it was designed the pneumatic
robotic arm using basic cylindrical shapes to create each section of the arm (Figure 6.10b). The
bottom section was firmly connected to the robot and the top section had a small roller that con-
nected to the ramp, allowing its inclination. These sections fitted each other in order to provide the
ramp with the capability of changing its height, more specifically 9 UU (or 9 centimetres) either
up or down. The MAYA 3D was also used to define the pneumatic robotic arm COG so it would
be aligned with the COG of the mobile robot.
Lastly, was designed the wooden ramp, on the MAYA 3D, based on the provided real ramp
(Figure 6.10c). To this cause, all the necessary measurements were made in order to exactly match
both ramps in height, length, inclination and the width. Its height is of 80 centimetres, its length
is of 95 centimetres, it has 45o of inclination and its width is of 12 centimetres (including the
thickness of the wood). The COG of the ramp was also aligned with the COGs of the other IRR’s
components so they all had the same COG, providing an easier coding regarding their movements.
(a) Pioneer P3dx mobile robot
model. (b) Pneumatic robotic arm. (c) Wooden ramp designed.
Figure 6.10: IRR: Components.
After finishing the design, the completed IRR was exported to the UE4 where it was created
its collision volumes and defined as a controllable pawn (Figure 6.11). This definition enables
the IRR to be fully controlled by the user. It was also attached a camera to the IRR allowing the
player to have a “first-person view” of the game to aim the balls with precision to where the user
wants them to go. That view can be changed to other cameras: one placed on the ceiling of the
indoor structure and another giving a side view of the IRR . This change can be made by pressing
the C key and was integrated with the goal of providing a view of the whole field from above for
strategic purposes and from the side of the IRR for having a better inclination perception. The
function that enables this change is the Active Camera.
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(a) IRR: complete view. (b) Boccia wooden ramp similar to the one used.
Figure 6.11: Comparison between the IRR and a Real Ramp.
Now, about the coding of the IRR (overview in Appendix II), it was developed three different
functions: the move ramp, the rotate ramp and the tilt ramp. In the move ramp function, the IRR
moves forward or backwards according to the key pressed (up arrow or down arrow) at the defined
rate of 25 UU using the AddActorLocalOffset graphic block. In the rotate ramp function, the
IRR rotates left or right according to the key pressed (left arrow or right arrow) at a rate defined
(0.1 UU) by the variable BaseTurnRate using the AddWorldRotation graphic block. In the tilt
ramp function, the IRR tilts upward or downward according to the key pressed (Z arrow or A
arrow) at a rate defined (0.1 UU) by the variable BaseIncRate using the AddLocalRotation and the
AddLocalOffset graphic blocks. This inclination also requires the change of height of the ramp and
consequently the change of height of the pneumatic robotic arm. The base inclination of the IRR,
as said above, is 45o but also allows an inclination of 40o at the lowest height (lowest inclination)
and 50o at the highest height (higher inclination). The ramp was coded to not allow any kind of
movement after the active ball is thrown until the next ball becomes active.
6.4.3 Balls
In this subsection is focused the development of the Boccia Balls considering its design and its
physics. All the characteristics described below were based on the real Boccia balls provided by
BOCCAS [1]. All the ball related functions developed are available in Appendix III.
First speaking about the design, it was used a spherical static mesh in order to create their form.
After that, the balls were configured considering their real specifications measures (weight of 250g
and diameter of 8,6cm) and their colours (one white, six blue and six red). To get a more realistic
look, it was added a hexagonal tile texture to the balls which recreated the seams of the leather in
the real balls (Figure 6.12). Besides the existing three points of view, when the ball is launched
the camera changes to a chasing-camera attached to said ball in order to have a better view of the
ball trajectory (referencing to the function Active Camera described in the IRR subsection).
Figure 6.12: Balls: “Jack”, Red and Blue.
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Relative to the coding of the balls, was first coded three functions that allowed to launch the
ball, to change the ball type and to change the ball position relatively to the ramp. The first just
enabled the ball’s gravity (using the Set Enable Gravity graphic block) and set a boolean variable
(Lancada) to true which indicated that the ball had been launched. The second allowed this change
by pressing the B key and started by verifying if the ball had been launched through the variable
described above. If not, the ball would alternate between the three types of balls toughness’s
defined by setting another variable (Integer) named Type to zero (soft toughness), one (medium
toughness) or two (hard toughness). The last allowed this change by pressing P key (by using the
AddLocalOffset graphic block) and also started by verifying if the ball had been launched through
the same variable. If not, the ball would alternate between the eight positions available defined by
setting another variable (Integer) named Pos. Three of these positions (bottom 2 position, middle 2
position and top 1 position) coincide with the middle position, the 34 position and the top position,
respectively, regarding the real ramp tests performed (described below).
The next step was to coordinate the movements of the ball according to the ramp movements
before the throws. For this were create two different functions: the move ball and the rotate
ball and adjusts to the ramp. In the first one, the active ball was acquired by resorting to a
boolean variable named Active that indicated which was the ball on play. Then, it was applied
to the balls the same forward or backward movements matching the ramp movements by using
the AddLocalOffset graphic block. On the second function, it was first verified in which position
the ball was using the integer variable Pos. Based on this position, the height of the ball would be
adjusted according to the inclination of the ramp, to ensure that these two never collided before
the launch (using the SetActorLocation graphic block). Were also defined height limits to the ball
to guarantee that the balls did not go up or down without ever stopping.
Further, were also coded two more functions that influenced the ball speed after launch: the
change ball speed and the ball stop/deceleration condition. The first was developed with the main
goal of create an approximate ball physics model to match the distances travelled in the simulator
to the ones in the real environment tests. It started by reading both integer variables Pos and Type.
Depending on those two aspects as well as the integer variable Height (referring to the ball height
used to identify the ramp inclination) the ball deceleration speed is set differently by using the
Set Physics Linear Velocity graphic block. This function allowed an easy creation of balls with
different toughness’s. The ball stop/deceleration condition function obtains the ball linear velocity
(using the Get Physics Linear Velocity graphic block) and if it is not launched just updates the ball’s
height (that is used by the change ball speed function). After the ball is launched, it is considered
moving if its linear speed stays above 11 UU and in that case just calls the change ball speed
function. After the linear speed gets below 11 UU the ball is stopped (by the Set All Physics
Linear Velocity and the SetRelativeRotation graphic blocks) in its place without any rotation and
the boolean variable Stopped of the active ball is set to true. In this function was also defined the
collision parameters of the balls. If the ball is launched and already not active it will detect any
contact that changes its speed and apply the same change ball speed function as well as setting the
boolean variable Stopped to false. After its linear speed gets below 5 UU the ball is stopped in
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linear velocity and rotation and the boolean variable Stopped is set to true again. If the after the
impact the velocity of the ball is not above 11 UU, but it is still moving, the ball will be stopped
after three seconds (also by using the Set All Physics Linear Velocity and the SetRelativeRotation
graphic blocks, in both situations). These parameters can be changed easily whenever it is needed
in order to adjust the ball’s frictions, modifying their deceleration after launch and the velocity
imposed by any collision.
Due to the necessity of create the most realistic ball’s physics model possible, were conducted
tests using a real Boccia ramp and real Boccia balls which were later studied to better match both
environments. The tests described here were designed primarily to assess a preliminary usability
and the reality of the simulator, to see if the Boccia ramp developed and the physics of the balls
created were approximately equal to the real ones provided. The comparison tests counted on
a total sample of 270 throws using the real balls and ramp, and one throw for each position of
the ball and inclination of the ramp in the simulator. It required only these throws in the simulator
because it uses a mathematic model to simulate its physics so the results are always the same using
the same specifications.
The first test performed was in a real environment using the real Boccia equipment. It was
taken in consideration the characteristics of the floor of a Boccia field during the test and so these
were made in a floor with the same characteristics. The test field had a length of 10 metres where
was used a measure tape that allowed to register the distance traveled by the balls in each situation.
There were three different types of Boccia balls used in the tests where it was used two balls of
each type (with slight different specifications and insignificant to the value of the tests) and each
type had a different toughness: soft, medium and hard balls. Regarding the ramp, it was used three
different inclinations: 40o, 45o and 50o and three different positions of the ball along the ramp as
well: top, 3/4 and mid ramp.
For each combination of the possibilities described above were made 10 throws, registered the
results disregarding the lateral deviations as they cannot be reproduced in the simulator. Then was
calculated its mean (Table 6.1) and standard deviation (Table 6.2) so it could be compared to the
single results of the simulator. The results of the real environment tests were registered taking in
consideration an inclination error of 2 degrees and a measurement error of 5 millimetres.
Soft Balls Medium Balls Hard Balls
40o 45o 50o 40o 45o 50o 40o 45o 50o
Top Ramp 3,072 3,732 4,058 5,784 6,598 7,529 6,136 7,059 8,021
3/4 Ramp 2,388 2,509 3,025 4,509 5,216 6,194 4,917 5,702 7,122
Mid Ramp 1,716 1,839 2,315 3,652 4,467 4,863 3,909 5,002 6,180
Table 6.2: Mean of the obtained results in the real environment tests, in metres.
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Soft Balls Medium Balls Hard Balls
40o 45o 50o 40o 45o 50o 40o 45o 50o
Top Ramp 0,051 0,246 0,147 0,240 0,433 0,203 0,226 0,243 0,402
3/4 Ramp 0,046 0,234 0,377 0,153 0,267 0,461 0,285 0,270 0,309
Mid Ramp 0,080 0,265 0,244 0,255 0,174 0,166 0,408 0,250 0,309
Table 6.3: Standard Deviation of the obtained results in the real environment tests, in metres.
After that, the simulator tests were made with one throw for each situation as well (Table 6.3),
which allowed the refinement of the values used for the physics of the balls so that the results
could be as close as the real ones as possible.
Soft Balls Medium Balls Hard Balls
40o 45o 50o 40o 45o 50o 40o 45o 50o
Top Ramp 3,100 3,800 4,100 5,700 6,600 7,500 6,200 7,100 8,000
3/4 Ramp 2,400 2,600 3,100 4,500 5,300 6,200 4,900 5,700 7,100
Mid Ramp 1,700 1,900 2,400 3,600 4,500 4,800 4,000 5,000 6,100
Table 6.4: Obtained results in the simulated environment tests, in metres, with a standard deviation
of 10 centimetres.
As it can be seen in the tables above, the results wanted have been easily achieved since the
game engine used allows a really easy change of parameters and customization of the physics
related to the balls. These results were obtained using a methodology based on an iterative method
of successive approximations. It follows the gradient, in order to minimize the absolute sum of
errors between the distances in the simulator and the mean of the distances obtained from the tests.
The acceleration and the friction of the balls were changed based on the real distances travelled
measures acquired until the desired results were achieved.
Regarding this tests, was written a full paper article (ten pages) intended for submission at the
WorldCIST’17 - 5th World Conference on Information, Systems and Technologies [116]. This was
an ongoing work version describing the relevant preliminary results. The article submission was
accepted to be presented at the conference and will be published at the WorldCIST’17 conference
Springer AISC proceedings. There is also the possibility of being selected to produce an extended
version including the full work developed to be published in a relevant international journal.
6.4.4 Gameplay
In this subsection will be illustrated the gameplay of the simulator which was developed based on
the Boccia official regulation, as described in the Chapter 2 (subsection 2.4). This is one of the
most important steps of the development of the simulator since a realistic set of rules is needed to
achieve the main purpose of this dissertation (create a realistic Boccia simulator). Also this feature
allows the future training of the sport’s athletes in hope of improving their performance in the real
Boccia environment. The coding of the gameplay can be consulted in the Appendix IV.
It was developed a main function called State Machine that, as the name says, works like a
state machine that sets the progression of the game depending on which state the game is currently.
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It starts by detecting the active ball using the Get Active Ball function. This function reads
the integer variable Turn to determine if it is a “jack” or a coloured ball throwing. If it is a “jack”
throwing, it reads the boolean variable Set which indicates which side is throwing the white ball.
If it is a coloured ball throwing, it reads the boolean variable Next indicating which side is playing
the next throw. After it detects the active ball, it waits until the ball is launched and stopped to
set the boolean ball variable Stopped to true. It also detects if, in the coloured ball throwings, the
ball is in the field or if it is out. If it is out, the next ball from the last team that thrown the ball is
set as the active ball. This happens until a ball from that side is considered in-game or when all
the balls from that side are launched. When the ball is considered in-game (in the field), the next
active ball is determined recurring to the Balls In function. This function retrieves all the in-game
balls from each side. Using those balls, the Get Active Ball function evaluates the closest ball to
the “jack” which means that the team opposite to the team that owns the closest ball is the next
to play. Another feature of this function is that it also controls the foul throws. This throws are
identified by the integer variable Foul Play where if it is zero there are not foul plays to be made,
if it is one it is the first foul ball throw, and if it is two it is the second fall throw. Finally, in case
of any scoring balls are used as foul balls, it is also in charge of resetting the extra possible points.
This happens if, in the act of throwing the foul balls, an athlete should alter the positioning of the
balls in favour of the opposite team to the team that had the extra points. To enable this action, it
is used the Get Nearest Balls function which determines the closest ball in-game to the white ball
from each team, after the foul throws, and compares it to the previous results.
After the active ball is detected, the IRR is allowed to move accordingly to the user’s orders.
As it was needed to provide the detection of fouls by the IRR touching the markings from the
throwing boxes, it was developed the Foul Detector function. By reading the integer variable Turn
and the boolean variables Set and Next, it determines in which throwing box the IRR is. If it
detects any contact between the IRR and the collision boxes (used to detect if the markings are
touched), it signals a foul (during three seconds) and updates the foul counter with two extra balls
for the opposite team. Finally, it resets the IRR and ball positioning to the starting position.
When the active ball is thrown and stops, the camera stays on the ball for three seconds before
changing to the next and it is executed a detection to see if the ball is in or out-of-play. If the active
ball is out-of-play, it is also signalled in the HUD for three seconds.
Next follows the Update Turns and Index function. It starts by reading the integer variable
Turn and if it is zero (this means it is a “jack” throw), reads the boolean variable Set to determine
which team is the next to play, updating that team’s ball index and deactivating the previous active
ball. If it is not zero (this means it is a coloured ball throw), it reads the boolean variable Previous
to determine which team was the last to throw a ball. Then it updates that team ball’s index,
deactivates the previous active ball and determines which team plays next by comparing the closest
ball to the “jack” of each team. That means that the team opposite to the team that owns the closest
ball is the next to play. This is not true only when the team that is supposed to play next already
threw all the balls. This function also reads the integer variable Foul Play and when it is different
than zero, it means that are occurring foul throws. When the foul throw’s balls stop, this function
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deactivates each ball depending if its value is one (first foul ball deactivated) or two (second foul
ball deactivated).
When the “jack” is thrown also occurs the detection of it being out-of-play or in-game. If it
is out-of-play it is signalled using the Boolean variable White and the set state is reset but this
time being the opposite team (to the team that failed the previous throw) to throw the “jack”. The
state of the set is reset by the Reset State function, which resets all the coloured balls to their
starting position and places the “jack” and the IRR in the opposite team’s throwing box. If the
white ball is pushed out of the field, it is reset to the centre of the “cross”. If the condition above
is not possible to achieve due to another ball covering the “cross”, the “jack” should be placed
the nearest possible in front of the “cross”. This rule is covered by the Reset White function that
analyses which position is available, starting by the centre of the “cross”.
The next step in the State Machine is the verification of the number of balls thrown from each
team in order to determine if the set is finished or not. If the set is not finished, the IRR is moved
to the opposite team throwing box, the camera is changed back to the IRR perspective and the next
ball to be played is placed above the IRR. These features are carried out by the Reset Ramp and
Ball function (reads the value of the boolean variable Next, that represents the next team to play, to
determine the throwing box where the IRR should be placed). All these functions described above
in this subsection, are then repeated until all the balls from both teams are thrown. If the set is
finished, it is made a verification of the existing foul balls (by checking the integer variables Fouls
Red and Fouls Blue that contain the respective foul balls for each team) and, if there are any foul
balls to be played (these balls are played before the ending of the set), the integer variable Foul
Play is set to one. The foul turns are controlled by the function Foul Plays. This function starts
by getting the nearest balls to the “jack” and the balls that are not in play. With these, it makes
a comparison to acquire the two furthest balls from the “jack” that are in-game. If these balls are
scoring balls, the function stores these extra points in the integer variables Red Foul Points and
Blue Foul Points. After that, it resets those two balls to their starting position (inside the throwing
box) to be thrown by the team that received them. This means that the first foul ball will be played
next and then the second foul ball, using the same process as the normal turns. If the team that
throws the foul balls has extra points stored and still wins the set, these points are added to the
points made in the end of the set. If the team that throws the foul balls has extra points stored and
loses the set, these points are ignored and the counting of the points is made for the opposite team
in the usual way.
When there are not any more foul balls to be played, the set is ended by first focusing the
camera above the white ball (to get a better perspective of the distances to the “jack”) for three
seconds. After, the set score is calculated resorting to the Calculate Score function. This function
starts by acquiring all the balls in-game, determines the closest ball to the “jack” from each side,
compares their distance to the white ball and distributes the points accordingly. The side with the
nearest ball to the “jack” will score one point for each ball nearest to the “jack” in comparison
with the nearest ball to the “jack” of his opponent. If two or more balls of different colours are
equidistant to the “jack” and there are no other nearest, then each side will receive one point per
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ball.
Finally, if the game has reached the final set, detected by the integer variable Set Number,
it compares both scores and, if there is a winner, shows the end game screen using the function
Show End Game Screen. If there is a tie between scores, the boolean variable Tie is set to true and
another set takes place as a tie-breaker. This situation continues until a winner is declared. If the
game has not yet reached the final set, the functions included in the State Machine function are
repeated, until the final set is reached.
6.4.5 Menus and HUD
In this last subsection will be described the main menu, the key bindings, the pause menu, the end
game screen and the HUD. These were developed with the aim of facilitating the user’s perception
of the game state and to expand their autonomy as they do not need a referee to keep track of the
scores, sets and fouls. They also do not need an assistant to indicate them the ramp inclination and
ball’s characteristics. The related functions to this subsection are available in Appendix V.
The main menu (Figure 6.13) is shown at the start of the simulator as well as it is made the
configuration of the IRR as the playable pawn, the mouse movement is enabled and the HUD is
generated. These processes are executed by the Enable Input and Go to Main Menu function. To
design the main menu was used an edited Boccia related background which has three buttons in the
centre: the Play Game button, the Options button and the Quit Game button. These buttons were
customized using a wood pine texture (available in the UE4 starter content) with some editing and
are coded by three different functions: the Play Button Main Menu, the Options Button Main Menu
and the Quit Button Main Menu, respectively. The first function removed the main menu from
the screen starting the simulated game and disables the mouse movement. The second function
changed the shown buttons to a set of buttons that enabled the change of the simulator screen
resolution. The last function just closed the simulator window.
Figure 6.13: Realistic Boccia Simulator Menu.
The key bindings (Figure 6.14) are shown when the user presses the H key in-game, freezing
the game, darkening the simulated environment and enabling the movement of the mouse. It also
has a resume button that resumes the current game, by removing the bindings from the screen
and disabling the mouse movement (uses the Resume Button Bindings function). Pressing the H
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key grants the user the capability of seeing which keys do what actions (such as change the ball
positioning on the ramp, pausing the game, among others). This is an important feature to new
users to learn how to play in this simulator.
Figure 6.14: Simulator Key Bindings.
The rules (Figure 6.15) are shown when the user presses the R key in-game, freezing the game,
darkening the simulated environment and enabling the movement of the mouse. It also has a
resume button that resumes the current game, by removing the rules from the screen and disabling
the mouse movement (uses the Resume Button Rules function). Pressing the R key grants the user
the capability of seeing which rules are applied to the simulator functioning. This is an important
feature to new users to learn how to play in this simulator.
Figure 6.15: Simulator Rules.
The pause menu (Figure 6.16) is shown when the user presses the M key in-game. This
process is performed by the Pause Game function where the game is frozen, the pause menu
appears darkening the simulated game and it allows the movement of the mouse. The pause menu
is composed by two buttons designed with the same texture as the main menu buttons: the resume
button and the quit button. The first button resumes the current game removing the pause menu
from the screen and disabling the mouse movement by using the Resume Button Pause Menu
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function. The second button ends the current game resetting the game and opens the main menu
by using the Quit Button Pause Menu function.
The end game screen (Figure 6.16) shows up when the game is finished. This process is
achieved by the Show End Screen function which compares both scores and declares the winner,
then calling the end game screen. This screen is composed by a background with the colours of
the winner as well as a sentence showing the winner (Blue Wins! or Red Wins!) and a main menu
button with the same wood pine texture. These characteristics are provided by three different
functions: the Background Colour End Screen, the Text Winner End Screen and the Main Menu
Button End Screen, respectively.
Figure 6.16: Realistic Boccia Simulator Pause Menu.
The HUD (Figure 6.16) shows: the ball properties, the number of the current set, the ramp
inclination, the indication for the help menu, the indications for the rules menu, the scores (both
red and blue), the foul balls of each team, the possible extra points of each team, if the ball is out
of bounds or if it is a foul and if the set is a tie-break or the throws are considered to be throws of
foul extra balls.
The ball properties are composed by the indicator of the colour, the position and the toughness
of the active ball. The first property is defined by the Text Ball Colour HUD function which reads
the integer variable Color and regarding if it is zero, one or two, shows respectively the “White”,
“Blue” or “Red” text. There is also another function called Colour of Text Ball Colour HUD that
changes the colour of the text based on the colour of the ball. The second property is defined by
the Text Ball Position HUD function which reads the integer variable Pos and regarding if it is
zero, one or two, shows respectively the “Top”, “Middle” or “Bottom” text. The last property is
defined by the Text Ball Type HUD function which reads the integer variable Type and regarding
if it is zero, one or two, shows respectively the “Soft”, “Medium” or “Hard” text.
The number of the current set is defined by the Text Set Number HUD function that only reads
the integer variable Set Number and shows it in the HUD.
The current ramp inclination is indicated by the Ramp Inclination function that reads the inte-
ger variable Inclination, scales it between the 40 and 50 degrees and shows it in the HUD.
The indication for the help menu is located on the bottom left corner of the screen just to give
the information to the user that if he does not know how to play he can learn the key bindings by
pressing the H key.
The indication for the rules menu is located on the bottom left corner of the screen just to give
the information to the user that if he does not know how to play he can learn the rules by pressing
the R key.
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The scores of the game are defined by the functions Text Red Score HUD and Text Blue Score
HUD which obtain the values of the integer variables Red Score and Blue Score (respectively) and
show them in the HUD.
The foul balls of each team are set by the functions Text Red Fouls HUD and Text Blue Fouls
HUD that read the integer variables Red Foul and Blue Foul correspondingly and show them in the
HUD.
The possible extra points of each team are shown by recurring to the Background Red Extra
Points HUD, Background Blue Extra Points HUD, Text Red Extra Points HUD, Text Blue Extra
Points HUD, Opacity Red Extra Points HUD, Opacity Blue Extra Points HUD, Text Extra Red
Points HUD and Text Extra Blue Points HUD functions. All these functions use a set of different
variables in order to detect if there are extra possible points for either team. If there are any points
possible, appears in the HUD a box showing how many, below the score of the correspondingly
team.
About the possibility of the ball being out of bounds, when it happens, the set of functions
Background Ball Out HUD and Text Ball Out HUD make a box appear with the text “Ball Out of
Bounds!” in the HUD. This is shown when a ball does not enter the field of play or if it goes out
of it after entering. These functions read the boolean variable Out.
If it is detected a foul the set of functions Background Foul HUD and Text Foul HUD make
a box appear with the text “Foul!” in the HUD. This happens when a foul is committed (the IRR
touches the lines of the throwing boxes, for example). These functions read the boolean variable
Foul.
If the current set is a tie-break, the functions Background Tie-Break HUD and Text Tie-Break
HUD make a box appear with the text “Tie-Break” in the HUD. This happens in order to let the
users know that they are even in score and it is supposed to be found a winner in this set. These
functions read the boolean variable Tie.
When the throws are considered to be throws of foul extra balls, the functions Background
Foul Plays HUD and Text Foul Plays HUD make a box appear with the text “Foul Throws” in the
HUD. These functions read the boolean variable Foul Plays.
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Figure 6.17: Realistic Boccia Simulator HUD.
6.5 Summary
This chapter presented the project background considering its used methodology, the work plan
and the development of the simulator.
About the used methodology, many decisions were made in order to achieve the main goal of
this project. Based on that, the use of the UE4, the MAYA 3D and the V-REP allowed the devel-
opment of a simulator with a realistic, precise and iconic representation of the real environment.
The aiming of integrate an MMI instead of the other available user interfaces was based on its
capability of allowing multiple input methods, granting an easy automatic adaptation to the users
[53].
Analysing the working plan established and accomplished, can be said that the development
of the Boccia Game Simulator was what occupied most of the scheduled time. This was due to
its complexity and specifications, since it resulted from a combination of several relevant Boccia
aspects (such as the IRR, the virtual environment, the balls and its characteristics, among oth-
ers) referred by the official Boccia legislation [8]. The development of a realistic simulator was
achieved, despite of not having the MMI available, as originally intended.
Chapter 7
Results and Discussion
The data analysis was performed by crossing the data obtained through the experiments with the
data obtained by the surveys. Next, the analysis of the data will be presented, focusing on the
characterization of the sample, the performance of the users, the opinion of the users about the
experiments performed, the usability and the control of the system.
7.1 Sample Characterization
The experiments were performed with a sample of individuals, with no motor or cognitive diffi-
culties, with a mean age of 29 years, the mode of 23 years, the range being represented between
15 and 55 years (as shown in Figure 7.1a) and with most of them using the right hand (36 right
handed to only 1 left handed). The sample shows 24 Male elements and 13 female elements (Fig-
ure 7.1b). Fourteen are graduates, 13 individuals are attending or have already completed a course
with a master’s degree, 8 have secondary education, 1 has a bachelor degree and 1 has primary
education (Figure 7.2a). The majority belong to the area of engineering and the rest are distributed
among many different areas (Figure 7.2b). None ever played Boccia previously, although 9 did
not know the sport, 28 knew how it was played or heard of it before (Figure 7.3).
(a) Age. (b) Sex.
Figure 7.1: Sample Representation Charts.
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(a) Sample educational level.
(b) Sample field of study/profession.
Figure 7.2: Sample Career Representation Charts.
Figure 7.3: Sample Boccia Practice Representation Chart.
7.2 User Experience with Video Games
Speaking about the user experience with VG, 27% of the users refer to “Always” play VG, 27% of
the users refer to play VG “Sometimes”, 24% refer to “Rarely” play VG, 19% of the users plays it
“Many Times” and 3% never plays VG (Figure 7.4).
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Figure 7.4: Frequency of Playing Video Games Representation Chart.
The users knowledge degree about the concept of Serious Game vary between null and ex-
cellent (Figure 7.5a). The mode associated to this knowledge is the “Null” degree (n=10 users).
The mean of the knowledge is 3,24 which means that the inquiries knowledge degree about this
concept is tendentiously “Low”. None of the users indicates to “Always” play serious games, 48%
refer to play it “Rarely”, 33% never plays it, 11% plays serious games “Sometimes” and only 2%
plays it “Many Times” (Figure 7.5b). Considering that most of the inquiries said that their knowl-
edge about the concept of Serious Games is not that good, it was expected that the frequency of
playing it had values essentially located on the lower range of the frequency scale (as can be seen,
making the data concordant).
(a) Knowledge degree about the serious games con-
cept.
(b) Frequency of playing serious games.
Figure 7.5: User Experience with Serious Games Representation Charts.
Relatively to the knowledge degree about Boccia Simulator (Figure 7.6), none of the users
refers it as being “Good”, “Very Good” or “Excellent”. The “Null” knowledge (n= 22 users) is
the mode of this category. Only 8% of the users (n=3) refer to have “Enough” knowledge about
Boccia Simulators.
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Figure 7.6: Knowledge Degree About Boccia Simulators Representation Chart.
About the frequency of using the computer (Figure 7.7a), most of the users use it “Always”
(57%) and “Many Times” (27%). Only one user said that he never uses it. To the users who did
not said to “Never” use it, were applied a new question, asking them about their proficiency degree
on using the keyboard (Figure 7.7b). Only 2% of the users said that they had “Low” proficiency
degree and 14% said that they had “Enough” proficiency degree. The “Good”, “Very Good” and
“Excellent” proficiency degrees have 28% of the users (for each) using the keyboard in that level.
(a) Frequency of using the computer. (b) Proficiency degree on using the keyboard.
Figure 7.7: User Experience with Computers Representation Charts.
The users were also questioned about their game experience/practice on multiplayer games
(Figure 7.8a). From the 37 users that compose the sample of this study, 81% (n=30 users) play
multiplayer games, while 19% (n=7 users) do not play this type of games. Of users who play
multiplayer games, 53% are “Satisfied” with this type of game, 37% are “Very Satisfied” and 3%
indicate to not be satisfied or dissatisfied (Figure 7.8b).
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(a) Multiplayer practice. (b) Satisfaction degree about multiplayer games.
Figure 7.8: User Experience with Multiplayer Games Representation Charts.
The low knowledge and/or practice about the Serious Game concept, the Boccia game and the
Boccia simulators did not interfered in the obtained data.
7.3 Game Experience Results
The results of the questions related to the characterization of the user’s game experience while
testing the simulator are shown below. The data obtained on this section (Figure 7.9) present some
discrepancies, possibly associated with the fact that the users were not alerted (before starting the
test) that they needed to pay attention to certain details related to the game. Although these details
were relevant in the survey response, was decided to purposely adopt the described action.
The majorly chosen side was “Red”, considering that the collected data did not followed the
specified indications of the game procedures. This was probably caused because some users that
already had played and filled the survey, played with new users that had no one else to play with.
The inconvenience described above also affected the side with more wins and, consequently, the
side with more losses. Both highest wins and highest losses were awarded by the “Red” side,
therefore the “Blue” side had less wins and losses. Finally, there were 2 draws as well.
Figure 7.9: Game Results Based on the Side’s Colours Representation Chart.
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The foul throws (Figure 7.10a), balls out of bounds (Figure 7.10b), “jack’s” out of bounds
(Figure 7.11) and “jack’s” repositions in the central “cross” (Figure 7.11) were also registered, as
well as to what side those situations occurred. This data can be observed in the figures below.
(a) Foul throws. (b) Ball out of bounds.
Figure 7.10: Boccia Simulator Situations Representation Charts.
Figure 7.11: "Jack’s" Out of Bounds and Replacement Representation Chart.
As can be seen, the foul throws occurred with 62% of the users, the other 38% are split for the
users that did not remember (14%) and for the users who did not notice any foul throws (24%).
When it happened, they said that 22% of the times were for the red team, 24% of the times were
for the blue team, 11% of the times were for both teams and 5% did not remembered.
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For the balls out of bounds, 24% of the users said that it happened, 73% of the users said
that it did not happened and 3% did not know if it happened or not. Considering the times that is
mentioned that it occurred, 11% of the times were for the red team, 5% of the times were for the
blue team, 5% of the times were for the both teams and 3% did not remembered.
At last, for the “jack’s” out of bounds and repositions in the central “cross”, was used the same
representation, since the data is equivalent. These situations did not happened 92% of the times
and, for the 5% of the times it happened, the users did not remember the specific situation.
The results obtained show that the users had a good understanding of the rules (read in game)
without any further explanation, since the three last situations mentioned above did almost not
occurred. Regarding the foul throws, the probable explanation is that the users were still learning
how to control the IRR and they were still getting used to its dimensions and space location.
7.4 Core Elements of the Gaming Experience Questionnaire (CEGEQ)
This section integrates an already developed investigation tool: the CEGEQ. This was considered
as an important piece of the developed survey, since it gives data about the user’s experience in
practicing the developed Boccia simulator [113].
The data obtained is presented in the table below (Table 7.1), which allows a simulator analysis
relative to the various CEGEQ dimensions. The results (mean, standard deviation, minimum and
maximum) are shown in percentage.
Boccia Simulator
Mean Standard Deviation Minimum Maximum
Enjoyment 79,54% 18,88% 14,29% 100,00%
Frustration 31,66% 22,81% 14,29% 92,86%
CEGE 68,91% 9,53% 49,26% 84,24%
Puppetry 66,57% 9,71% 46,26% 82,31%
Video-Game 75,05% 11,16% 53,57% 94,64%
Table 7.1: Representation of the Core Elements of the Gaming Experience Questionnaire Results
Subdivided in the Several Dimensions.
In general it is possible to affirm that all dimensions present satisfactory results. In the En-
joyment dimension, it is possible to observe that the mean value is 79,54%, which means that the
majority of the sample liked or had pleasure during the game experience provided. This result
indicates that the developed simulator was adjusted to its main target population, since it has the
objective of allowing the practice of the sport by the athletes as well as having a decent enjoyment
aspect. Therefore, it can also be directed to casual users. The Frustration dimension is a negative
dimension, in which its questions are applied inversely to the other dimensions, because it usually
implies an action of dissatisfaction on the part of the user during the experiments and was expected
a negative response from the users. The mean value of this dimension is 31,66%, which means
that the developed simulator had a low frustration/annoyance level. One of main objectives of
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this project was avoiding the frustration and loss of interest that occurs in the traditional serious
games. It can be said that this goal was achieved successfully. The CEGE dimension is related to
the positive experience, control and interaction with the tested game and presents a mean value of
68,91%. This is a reasonable score value considering that it is the sum of several (6-34) questions
of the survey. The Puppetry dimension is related to the user control over the scenario tested and
shows a mean value of 66,57%, so this dimension also adds positive values to the overall result.
Finally, the Video-game dimension, which is related to the fact that the user liked the environments
of the tested scenario, presents a mean value of 75,05%. Overall, all dimensions have relatively
high values which means that the degree of the user satisfaction in the experiments performed was
also relatively high.
7.5 System Usability Scale (SUS)
This section integrates an already developed investigation tool: the SUS. This was considered as
an important piece of the developed survey, since it gives data about the experience of using the
simulated environment (by measuring the levels of effectiveness, efficiency and user satisfaction)
[114].
The following table (Table 7.2) presents the summary statistical measures by item of the scale
and the final usability score.
Questions N Median Mode Minimum Maximum
5.1. I think that I would like to use this system frequently. 37 3,00 3 1 5
5.2. I found the system unnecessarily complex. 37 1,00 1 1 4
5.3. I thought the system was easy to use. 37 5,00 5 2 5
5.4. I think that I would need the support of a
technical person to be able to use this system. 37 1,00 1 1 3
5.5. I found the various functions in this system were well
integrated. 37 4,00 5 2 5
5.6. I thought there was too much inconsistency in this
system. 37 2,00 1 and 2 1 4
5.7. I would imagine that most people would learn to use
this system very quickly. 37 5,00 5 3 5
5.8. I found the system very cumbersome to use. 37 1,00 1 1 4
5.9. I felt very confident using the system. 37 4,00 4 3 5
5.10. I needed to learn a lot of things before I could get
going with this system. 37 1,00 1 1 4
SUS Scores Mean
80.14
82,5 65,00 47,5 100,0
Table 7.2: Representation of the System Usability Scale Results.
After the analysis of the Table 7.2, the median of the item 1 had the value of “3,00” (“Neither
Agree nor Disagree”), the item 5 and the item 9 had the value of “4,00” (“Agree”), and the item 3
and the item 7 had the value of “5,00” ("Strongly Agree"). Considering the punctuation obtained,
for the items 3, 5, 7 and 9 (which had attributed the two maximum values of this scale), this were
a set of positive questions about the user experience, so it is important to highlight the high levels
of user satisfaction.
7.6 Assessment of the Boccia Game Experience 71
In the remaining items (2, 4, 6, 8 and 10), the median generally shows the value of "1"
(“Strongly Disagree”), because this set is a set of negative questions, in which it is expected that
the user’s response is the assignment of a low value ("1 – Strongly Disagree" or "2 – Disagree").
The obtained results were also positive.
The SUS Score (Table 7.2) was also shown above, in which can be observed that the mean
(80,14) had a high value, allowing to consider that the developed system has an “Almost Excellent”
usability rating [117]. Thus can be concluded that the users were very pleased with the usability
of the tested system. Below, it is possible to visualize the results of the answers to the usability
questions of the system (Figure 7.12), which allow to support the comments previously made. It
is possible to observe the total response values for each of the questions present in this section,
based on the use of a Likert Scale of 5 values ("1 – Strongly Disagree", "2 – Disagree", “3 –
Neither Agree nor Disagree”, “4 – Agree” and “5 – Strongly Agree”).
Figure 7.12: System Usability Scale Representation Chart.
7.6 Assessment of the Boccia Game Experience
In this section, will be presented the user experience according to the explicitness/intuition of the
game menus, commands and rules, as well as the realism degree of the simulator developed con-
cepts (such as the IRR, the balls, the field of the game, the rules and the surrounding environment).
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Referring to the menus explicitness/intuition (Figure 7.13): 94% of the inquiries said that both
pause and main menus fulfil this requirement, 3% said that both menus were not explicit/intuitive
and 3% said that only the main menu was explicit/intuitive. None of the users thought that the
pause menu was the only menu to be explicit/intuitive. The user who said that only the main menu
was explicit/intuitive, suggested that some images of the simulator could be added to the pause
menu in order to facilitate the perception about the game. This data suggests that the pause menu
objective, in this specific game, was not understood by the user, since its options are only to quit
or resume the current game (after pausing it).
Figure 7.13: Main/Pause Menus Explicitness/Intuition Representation Chart.
About the key bindings explicitness/intuition (Figure 7.14a): 78% of the users referred that
the key bindings were explicit/intuitive, 16% of the users said that only some of the key bindings
were explicit/intuitive and 6% of the users considered that none of the key bindings were ex-
plicit/intuitive. Considering the available simulator key bindings (Figure 7.14b), only the C, M, B,
P, Z and A keys were considered not that explicit/intuitive to some users. The researcher criteria to
match some commands to the respective keys was based on its possible match of the key with the
initial of the available command (such as C for camera, M for menu, B for balls type, among oth-
ers) or its action representation (such as the arrows to move and the space for releasing/launching
the ball).
Based on the mentioned criteria, the researcher considered that the M key should be replaced
by the Escape Key since it is most commonly used as pause menu in VG. The P Key should also
be changed to the X Key as it is nearer the other important simulator commands (this key was
mentioned by some users as being too far from the others) and it can also mean a position in
space. The A and Z Keys should also be exchanged between each other to correctly represent the
increase and decrease of the IRR inclination, respectively. The other mentioned key bindings (C
and B Keys) were not weighed for future changes.
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(a) Key bindings explicitness/intuition. (b) Key bindings not explicit/intuitive.
Figure 7.14: Key Bindings Explicitness/Intuition Representation Charts.
The game rules had a unanimous decision regarding the explicitness/intuition, where all the
users considered the game rules described in the simulator to be explicit/intuitive. This data allows
to verify that the rules were suitable and easy to understand, which means that the users knew how
to play the game efficiently.
Regarding the number of key bindings/game rules views, after analysing the data presented
in the Figure 7.15, was obtained a median of “2-3 Times” for the key bindings number of views
and a median of “1 Time” for the game rules number of views. The acquired data reinforces the
explicitness/intuition granted by the described game rules (shown by pressing the R Key) and also
that the key bindings should be reconsidered in order to allow a faster and more intuitive learning
(reducing the number of views).
Figure 7.15: Number of Key Bindings/Game Rules Representation Chart.
In respect to the HUD adequacy to the perception of the game (Figure 7.16a): 89% (n=33)
said that the HUD was adequate to keep up with the progress of the game, 11% (n=4) thought
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that the HUD was only adequate in some of the concepts and none of the users referred the HUD
as not adequate to acquire a good perception of the game. The 4 users identified the not suitable
HUD concepts to be the (7.16b): foul throws (n=1), possible extra points (n=1), results (n=1), key
bindings for help and rules (n=1), ramp inclination (n=1), set number (n=1) and ball characteristics
(n=1). This data has no relevant impact on the obtained results since only those 4 users (in 37 users)
thought that some of the concepts were not suitable. Also they distributed their votes equally
through almost all the concepts available reducing even more its impact.
(a) HUD adequacy to the perception of the game. (b) HUD concepts not suitable.
Figure 7.16: HUD Adequacy to the Perception of the Game Representation Charts.
Finally are presented the results referring to the realism degree of the game concepts, regarding
the IRR, balls, field of the game, rules and surrounding environment concepts (Figure 7.17). By
analysing the figure, it is possible to conclude that the users thought that all the concepts regarding
the simulator were “Realistic”, in general. Besides that, the rules (n=16) and the field of the game
(n=12) had the highest results regarding their realism while the surrounding environment (n=3)
had the worst results, being considered “Little Realistic” in comparison to the others.
The Table 7.3 shows that the inquiries consider the simulator developed to be “Realistic” since
the median and mode values for each concept is 4.
In conclusion, it can be said that the main objective of this project was achieved successfully,
which can be backed up by the analysis performed above as well as the high minimum values
(“Little Realistic” in the IRR, balls and surrounding environment concepts; “Neither Realistic nor
Irrealistic” in the field of the game and rules concepts) acquired in each concept of the game.
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Figure 7.17: Realism Degree of the Game Concepts Representation Chart.
Game Concepts N Median Mode Minimum Maximum
IRR 37 4,00 4 2 5
Balls 37 4,00 4 2 5
Field of the Game 37 4,00 4 3 5
Rules 37 4,00 4 3 5
Surrounding Environment 37 4,00 4 2 5
Table 7.3: Analysis of the Results of the Realistic Degree of the Game Components.
7.7 User’s Suggestions
This section of the survey did not have active the “force response” option, so the user could not
answer this question and still finish the quiz. This question was also included in the survey,
since the opinion of the users about the simulator gives to the researcher a more contextualized
perception about the simulator quality and some items that would made it more attractive and/or
easy. Where only recorded eight answers.
The suggestions made were: sound of support or disapproval for each move; changing the
name of the ball’s type (instead of hard, soft and medium, this user suggested heavy, light and
normal, respectively); graphics improvements to the surrounding environment of the field of the
game; graphics improvements considering the quality; the key bindings that control the game
should be closer to each other (especially the ones that control the IRR), in order to the handling
of the game; have an available option to play online; changing the placement of the ball on the
IRR (since it seems to float in the IRR), and, by last, to place a direction arrow as done in several
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other games (such as Snooker). Based on these suggestions, below will be explained the ones that
were not considered as future work options:
• Sound of support or disapproval for each move – Was not considered as an improvement
of extreme relevance, since the sound of disapproval may be a factor of demotivation or
frustration for the player;
• The placement of a direction arrow – That would make the simulator less realistic (avoid-
ing one of the main objectives of this dissertation), since in a real game situation, the player
does not have this tool;
• The change of the name of the ball’s type – The variation that occurs at the level of the
ball type is related to its hardness and not to its weight. Based on that, this suggestion would
make the coding of the ball type incorrect;
• The improvement of the graphics – Already exists a high quality version. However, for
the performed tests the users had available a "low quality" version, since the course of the
game was slowed in computers with low performance;
• The improvement of the graphics of the surrounding environment of the field of the
game– Was not considered as an improvement of extreme relevance;
• The existence of an option to play online – Was not considered as an improvement of
extreme relevance.
The remaining suggestions will be referenced in the Future Work section (Chapter 8) as well
as their explanation. Some of them match the researcher previous perception about the possible
work to be developed in order to improve the simulator, which means that the simulator’ future
objectives (in order to be finalized), fit the player’s perspective/expectation regarding the final
product.
Chapter 8
Conclusions and Future Work
The main goal of this chapter is to present a summary of the accomplished work, where it is
contextualized following the main objectives initially defined from a general and critical analysis
perspective and discussed their achievement.
Finally, are also referenced some future work suggestions, in order to improve the present
work developed for this dissertation, as a continuum, in a future project.
8.1 Conclusions
The present dissertation was based on the development of a Boccia Game Simulator adapted for
people with motor disorders using a virtual environment, integrated in the Applications for Train-
ing Cerebral Palsy Patients category. This simulator main focus was the BC3 division, composed
by athletes that are: unable to hold/throw the ball, have no sustained grasp, have no functional
release or are unable to propel the ball with their feet into the field. The athletes of this group may
use a variety of auxiliary devices to propel the ball into the playfield with the help of an assistant,
in this case the ramp was the focused device. This category players need external assistance to
place the ball on the ramp and to orientate the ramp in the desired direction.
For this purpose, one of the main objectives defined was the improvement in the autonomy
of its users (to manage as independently as possible the IRR). Therefore, enables the training of
athletes from the comfort of their home reducing the need of constant help provided by an assistant
and in order to favour the athlete’s training to achieve better results. As the proposed work aims to
develop a Realistic Boccia Simulator, it is also predefined that the accessories physics should be as
similar as possible with the real ones. With this project, it is expected to improve the user’s social
interactions and interest in this Paralympic sport. The game is also aimed at the entertainment of
casual users and allows the participation of two players.
For the design of this simulator, was chosen the UE4 game engine after an extensive research
and analysis of the available solutions. The V-REP was the used robotic simulator to acquire the
mobile robot model component of the IRR. In the development of the simulator, was taken in
consideration a reliable representation of the field, the Boccia rules and the use of a ball throwing
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platform - the IRR. The IRR moves according to the user’s orders, positioning in the position and
inclination that the user wants and releasing the ball when it is pretended. The players are able to
control the IRR through the keyboard. The virtual designed ramp measurements followed strictly
the measurements of the real ramp used. Were also performed tests with a real Boccia ramp and
balls in order to maximize the physics similarities between the real and the virtual environments.
The concepts presented in the last two sentences were integrated in order to accomplish the goal
of developing the simulator as close to reality as possible.
The results obtained in the tests had a maximum standard deviation of 0.46 metres. In the
simulated environment, the maximum absolute error of the measures taken was 10 centimetres.
This is due to the fact that the values of the parameters chosen for the balls to get the right dis-
tance in a certain inclination had small deviations from the pretended distances for the other two
inclinations. Since the UE4 allows a really easy change of parameters and customization of the
physics, the results wanted regarding the balls, have been easily achieved. The use of an iterative
method of successive approximations helped on the achievement of the desired results by chang-
ing the acceleration and the friction of the balls based on the real distances travelled measures
acquired. This was due to the minimization of the absolute sum of errors between the distances in
the simulator and the mean of the distances obtained from the tests.
Lastly, the official Boccia Regulation was added to the design of the simulator. Were only used
the rules that had impact in the gameplay of the simulator and on the BC3 players (as listed and
described in chapter two, at the Boccia Regulation subsection). These were followed as faithfully
as possible.
In order to validate the usability of the developed simulator, was developed a survey in which
was used a sample of casual users. This survey evaluated the game experience of the users, by ap-
plying the CEGEQ, the realism of the simulator, among other characterization aspects. The results
showed that the project had a "Almost Excellent" usability rating, good results at the assessment
of the game experience (based on the obtained scores on CEGEQ dimensions: enjoyment, frus-
tration, CEGE, Puppetry and Video-game) and a "Realistic" classification (tending to "Strongly
Realistic"), according to the realism degree of the game concepts evaluation made by the users.
This scores allowed to conclude that most of the main objetives were achieved, such as the us-
ability, the realism and that it can be used by a part of the target population (only tested on casual
players but with high perspectives for federated athletes) set in the beginning of this project.
The adaptation of the MMI related to the IWP was not accomplished, but is still important to
take in consideration for future work, since it allows the user profiling. This function gives people
with motor disorders access to use the simulator in the most appropriate way to their limitations,
which increases the range of the target population.
The usability and approximation to reality were evaluated based on the tests performed and
the colleted data via survey. The usability was considered to be the capability of the simulator
to represent the reality with a high reliability as it is needed to accomplish the objectives of this
work. This resulted in a positive assessment, meaning that the simulator is complying with the
main objective which is the realism.
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8.2 Future Work
For future work, the main suggestion that could improve the performance of the simulator as
well as the achievement of some of the predefined goals to this project and was not integrated is
the MMI. This interface has an important role regarding the adaptation context because it allows
its users to interact with the simulator using the most adapted way for each (such as keyboard,
joystick, head movements, voice recognition, facial expressions or hands movement).
The simulator can also be validated on a population with limitations (either physical or cog-
nitive) which can be preferentially composed by federated athletes (since the casual users were
already surveyed). This validation can be effectively performed via survey considering all the
related features such as its reality, usability, adaptation, attraction and its social/cognitive rehabil-
itation capacities.
The maximum absolute error between the ball’s distances travelled in both environments can
possibly be shortened by: choosing some different values for the parameters used for the balls
to get the right distance in a certain inclination or designing an exact mathematical model of the
ball’s physics. In the first case, instead of only having an error in one of the three inclinations
possible in each position, this error should be distributed equally for all three inclinations in each
position (thus reducing the standard deviation).
Some of the key bindings (the M, P, A and Z keys) of the simulator should also be changed.
This statement is based on the user’s suggestions collected with the developed survey and on the
researcher opinion. The M key should be replaced by the Escape Key since it is most commonly
used as pause menu in VG. The P Key should be changed to the X Key since it is nearer other
important simulator commands and it can also mean a position in space. The A and Z Keys
should be exchanged between each other to correctly represent the increase and decrease of the
IRR inclination, respectively.
Another future work suggestions include:
• Time limit on each turn – In the official Boccia regulation [8], each turn has set a time limit
to throw the “active” ball. For the BC3 division, each athlete has 6 minutes total to play each
set (or partial) and two minutes for each two foul (or penalty) balls awarded. This feature
affects actions and thoughts under pressure, in which the players are constantly under during
competition, since they have to make quick strategic decisions. Considering this simulator
as a practice tool for Boccia athletes, this upgrade would make the training process even
more realistic;
• Different game modes based on other Boccia divisions – The BISFed groups the athletes
of Boccia in different classifications, based on their motor capabilities. In Portugal are
considered seven game divisions (BC1, BC2, BC3 and BC4 individuals, BC3 and BC4
pairs and teams for BC1 and BC2 athletes) [7][16]. This suggestion foresees a further
development of the simulator in order to include the other divisions besides individual BC3.
This would require the design of a virtual throwing method similar to the throw made by the
players of the other divisions;
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• Parameterization of the ball’s positioning above the ramp – This upgrade would allow
the positioning of the active ball along the ramp instead of having eight predefined positions.
Although this predefined positions cover much of the intended ball’s travelled distances
relative to the real results recurring to the ramp inclinations available, this upgrade would
make the simulator even more realistic by giving the users freedom of choice;
• Show ball’s distances relative to the "jack" in the HUD – This enhancement would help
the user to more clearly understand the set’s winner, by showing the numerical values of the
relative distances of the closest balls (from each side) to the "jack";
• Change the number of game sets – This feature would allow to choose how many game
sets the user wants to play, shortening or extending the length of the game;
• Change the ball’s height above the ramp – This feature was suggested on the surveys, in
order to make the game scene more realistic, since the balls are floating above the IRR.
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